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antarctica lipase B and nZVI in
bioinspired polymer nanomicelles: a nanobiohybrid
synergy for sustainable synthesis of acetaminophen†

Falguni Shukla, Dilraj Singh and Sonal Thakore *

Polymer micelles are tailored nanostructures with the unique ability to encapsulate hydrophobic molecules

that have proven to be promising candidates for applications such as drug delivery. With an aim to utilize the

robust nature of polymer micelles for catalysis, we have synthesized a novel amphiphilic polymer derived

from biocompatible precursors, such as tyrosine and polyethylene glycol. The polymer subsequently

self-assembles into nanomicelles. These nanomicelles were loaded with Candida antarctica lipase B

(CALB) and zerovalent iron nanoparticles (nZVI). The final magnetic catalyst (nZVI-CALB@NM) served as

a nanoreactor for a one-pot cascade reaction consisting of two sequential steps, i.e., hydrolysis and

reduction in an aqueous medium. The cascade synthesis of p-aminophenol from a series of p-

nitrophenyl esters of fatty acids with different chain lengths was attempted in one pot at 35 °C in an

aqueous medium. The hydrolysis step was catalyzed by CALB and the reduction step was catalyzed by

nZVI synergistically in the hydrophobic core of nanomicelles to achieve the final product in high yield.

Further, to demonstrate the industrial application of the nanoreactors, we have carried out the synthesis

of acetaminophen, which is a commercial bioactive molecule. The cascade synthesis of p-

acetaminophen from p-nitrophenylacetate was achieved in a single pot within 30 min without an acid

catalyst and organic solvent in excellent yield (>98%). Recycling studies demonstrated the possibility of

utilizing the catalyst possessing magnetic properties for five successive cycles without any significant loss

of activity. The main advantages of our system are the solubility of hydrophobic substrates in an aqueous

medium and superior catalytic activity, leading to a significant reduction in the consumption of toxic

solvents, reaction time, and temperature compared to those previously reported. The as-prepared

nanoreactors will open up a new avenue for other chemoenzymatic reactions in the future by

combining the enzyme and metal catalyst.
Sustainability spotlight

We have successfully unied Candida antarctica lipase B (CALB) and nano zero-valent iron (nZVI) within bioinspired polymer nanomicelles, creating a nano-
biohybrid system that can revolutionize the sustainable synthesis of acetaminophen. This innovative strategy leverages the high selectivity and catalytic effi-
ciency of CALB with the powerful reduction capabilities of nZVI encapsulated in environmentally friendly polymer nanomicelles.
1 Introduction

Enzymes are used as biocatalysts for a broad range of chemical
transformations and have recently drawn increased attention
due to their specic catalytic activities.1–3 Efficient recovery and
cycle time of enzymes are crucial for organic transformations at
a larger scale to ensure the practical applicability and sustain-
ability of a process.4 Hence, enhancing the stability and
e, The Maharaja Sayajirao University of
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tion (ESI) available. See DOI:

the Royal Society of Chemistry
recyclability of enzymes requires their engineering, before their
use at a commercial scale.5,6 Among enzymes, lipases (tri-
acylglycerol ester hydrolases, EC 3.1.1.3) are an important
member of the hydrolase family.7 Lipase B from Candida ant-
arctica (CALB) was selected for this study due to its well-
documented catalytic versatility and stability under various
reaction conditions. CALB is known for its high specicity and
efficiency in catalyzing esterication, transesterication, and
hydrolysis reactions, making it an ideal candidate for complex
cascade reactions. Additionally, its robustness and compati-
bility with a wide range of substrates and solvents further
enhance its suitability for incorporation into nanoreactors.
These properties ensure that CALB can effectively function
within the designed polymer micelles, facilitating efficient and
RSC Sustainability, 2024, 2, 3981–3998 | 3981
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sustainable chemical transformations. Commercially available
lipase, viz. Candida antarctica lipase B (CALB), is utilized for
hydrolysis of fatty acid esters, esterication and trans-
esterication reactions.8 Given the importance of enzyme
stability and recyclability for practical applications, integrating
enzymes with metal nanoparticles into nanobiohybrid systems
presents a promising strategy to enhance their catalytic effi-
ciency and operational longevity.

Nano-biohybrid systems are known to rationally combine
metal nanoparticles (chemocatalysts) that possess a superior
surface-to-volume ratio and an abundance of rich active surface
atoms with the enzymes.9 They form the basis of chemo-
enzymatic catalysis in which at least one enzyme and one metal
catalyst are involved.10–12 This combines the broad reactivity of
the heterogeneous chemocatalyst with the selectivity of the
enzyme. Additionally, enzymes act as scaffolds that help to
stabilize metal nanoparticles, preventing their migration and
agglomeration during catalysis.13 This establishes a synergism
between enzymes and nanoparticles to enhance the catalytic
potential.

To date, nanobiohybrids such as highly dispersed ultra-
small precious metal nanoparticles (Ag, Au, Pd or Pt) gener-
ated in situ and embedded in the CALB protein structure in
aqueous media and at room temperature are synthesized.9

Compared to noble metals, low-cost metals such as iron-based
nanohybrids offer cost-effective alternatives for catalytic appli-
cation.14 For instance, Palomo and coworkers reported the
synthesis of ultrathin CALB protein iron(II) carbonate nanorods
heterogenous bionanohybrid for oxidation, reduction and C–C
coupling reactions.15 Zerovalent iron nanoparticles (nZVI)
possess excellent magnetic properties and are easy to synthesize
with a large specic surface area, reusability and separability.16

Hence, they demonstrate the potential to combine with
enzymes to obtain nanobiohybrid materials for catalysis. The
integration of nZVI and enzymes into a single platform will
provide a better alternative for recycling enzymes and metal
nanoparticles, which is crucial from an application perspective.
Such platforms offer unique advantages such as close spatial
distance between the enzyme and metal, enhanced catalytic
efficiency, recyclability, mass transfer and synergism. Addi-
tionally, the agglomeration of magnetic nanoparticles, enzyme
denaturation, metal catalyst deactivation and lack of recycla-
bility can be prevented.17

There are very few reports on the integration of metal and
enzyme on supports such as organic frameworks and surfactant
micelles.18,19 Compared to these supports, polymer micelles
offer advantages such as tailored synthesis, biocompatible
precursors and the possibility of chemical functionalization.20

Polymeric micelles, essentially amphiphilic polymers self-
assembled into nanomicelles via non-covalent interactions,
are an attractive platform. With a simple core–shell structure, it
creates a nano environment separated from incompatible bulk
media and typically functions as a nanoreactor for the reactions
to occur.21 These nanoreactors can co-house both enzyme and
metal catalysts in the hydrophobic core. Additionally, the
amphiphilic nature of these self-assemblies resolves the solu-
bility issues of substrates and catalysts in water.22 This
3982 | RSC Sustainability, 2024, 2, 3981–3998
compartmentalization in the hydrophobic pockets of these
nanoreactors increases the proximity between the substrate and
the catalytic sites.23 The convergence of nanohybrids and
micellar catalysis will enable new features and foster sustain-
able catalysis. Polymer micelles have not been used for their
integration, especially, to catalyze a cascade reaction to
synthesize pharmaceutically important compounds.

A key highlight of this study is the innovative design of
nanoreactors using amino acid-based polymer micelles, which
effectively encapsulate both Candida antarctica lipase B (CALB)
and nanoscale zero-valent iron (nZVI). This dual encapsulation
within a biocompatible, self-assembling polymer matrix
enhances catalytic efficiency and streamlines the synthetic
process for compounds such as p-aminophenol and p-acet-
aminophen. The approach signicantly reduces solvent usage
and waste, promotes a high atom economy, and simplies
workup procedures by minimizing synthetic steps. This repre-
sents a substantial advancement in sustainable and efficient
chemical synthesis methodologies.

2 Experimental section
2.1 Materials and methods

Boc-L-tyrosine methyl ester (99.0%), poly(ethylene glycol)methyl
ether, (mPEG, Mn = 5.0 kg mol−1), hexamethylene diisocyanate
(HMDI), undecanoic acid (99%), triuoroacetic acid (TFA), 1,4-
diazabicyclo[2.2.2] octane (DABCO), phosphate buffer saline
tablets (for preparation of pH 7.4 buffer solution), Candida
antarctica lipase B (CALB), p-nitrophenyl acetate, p-nitrophenyl
butyrate, p-nitrophenyl palmitate, p-nitrophenyl octanoate, p-
nitrophenyl decanoate, p-nitrophenyl chloroformate and dial-
ysis membrane (MWCO 3500 Da) were purchased from Sigma
Aldrich, Mumbai, India. Various solvents (acetonitrile, N,N-
dimethylformamide (DMF), dimethyl sulfoxide (DMSO),
acetone and dichloromethane (DCM)) were obtained from Sisco
Research Laboratories, Mumbai, India. Other reagents were of
analytical grade, purchased from commercial sources, and used
as received without further purication. The solutions were
prepared using de-ionized water. The reaction temperature was
controlled using a constant temperature bath equipped with
a thermocouple probe.

2.1.1 Instrumentation. Nuclear magnetic resonance (1H
NMR) spectra were recorded on a Bruker Avance 500 MHz
spectrometer using DMSO-d6 as the solvent and tetramethyl
silane as the internal standard. Fourier transform infrared
spectroscopy (FTIR) measurements were performed using
a Bruker Alpha IR spectrophotometer. The samples were ground
with KBr and turned into pellets by disc pressing. The spectra
were recorded in the 400–4000 cm−1 range. Using a TGA 2950
instrument, thermogravimetric analysis of the polymer was
carried out from 25 to 750 °C under owing N2 (30 mL min−1)
with a heating rate of 10 °C min−1. For high-resolution trans-
mission microscopy (HR-TEM), the diluted polymer, CALB and
nZVI-loaded polymer solutions were dispersed on carbon-coated
copper grids. The sample-coated copper grids were then air-dried
overnight at ambient temperature, and the concentrations of all
the samples weremaintained at 0.05mgmL−1. The images of the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
samples were then recorded using a Jeol (Jem-2100F) electron
microscope at an accelerating voltage of 200 kV. A JSM-7600 F
eld emission scanning electron microscope was used to char-
acterize the morphology. The samples for Field Emission Gun
Scanning Electron Microscopy (FEG-SEM) characterization were
treated by spraying a thin platinum layer on their surface under
vacuum conditions to enhance their conductivity. Dynamic light
scattering (DLS) was determined using a Malvern Zetasizer
(Nano-ZS 90), and the samples were maintained at 0.1 mg mL−1

for analysis. Atomic Force Microscopy (AFM) was performed
using NTEGRA PRIMA, NT-MDT, Russia. The sample was
maintained at 0.05 mg mL−1 for analysis. All the samples were
dialyzed properly before the analysis. The iron concentration in
the nanoreactors was measured with a simultaneous inductively
coupled plasma (ICP) spectrometer, ARCOS, SPECTRO Analytical
GmbH, Germany. The sample was acid digested for analysis.
Ultraviolet-visible spectrophotometric determinations were per-
formed using a PerkinElmer Lambda 35. Fluorescence spectra
scanned on a JASCO FP-6300. X-ray photoelectron spectroscopy
(XPS) was performed using an ESCA spectrometer (SPECS
Surface Nano Analysis GmbH, Germany) to investigate the
surface compositions and oxidation states. Vibrating sample
magnetometer (VSM) analysis was performed using VSM 7410,
Lakeshore, Sweden, at room temperature. Circular Dichroism
(CD) analysis was performed using a J 815(JASCO) spectrometer
to investigate the structural changes in free CALB and encapsu-
lated CALB. All the samples were prepared in a DMSO : H2O
mixture and dialyzed to obtain a micellar solution for the char-
acterization. High Performance Liquid Chromatography (HPLC)
was performed on Shimadzu LabSolutions tted with a UV
detector. A 1 g mL−1 solution of acetaminophen (Sigma) in
methanol was used as standard. Thin Layer Chromatography was
used to check the deprotection of the NH2 group of Boc-L-tyrosine
methyl ester under a given reaction condition. The solvent
system used was hexane : ethyl acetate (8 : 2).
2.2 Synthesis of tyrosine-derived amphiphilic polymer

The general strategy for the synthesis of amphiphilic polymers
from tyrosine involved functionalization with hydrophilic mPEG
segments via urethane linkage and hydrophobic alkyl side chains
via amide linkage. This introduces appropriate amphiphilicity
into the polymer structure and subsequently leads to the self-
assembling of nanomicelles in an aqueous medium.

2.2.1 PEGylation of Boc-protected tyrosine (Boc-tyrosine-
mPEG) (step 1). A solution of Boc-L-tyrosine methyl ester
(0.500 g, 1.6 mmol) and mPEG (0.2 g, 0.004 mmol) in DMF (10
mL), HMDI (200 mL) was added under stirring at 200 rpm.
DABCO (5.0 mg) was added as a catalyst, and the reaction pro-
ceeded at 60 °C for 3 h. The insoluble white product formed was
separated from the reaction mixture by ltration using What-
mann 41 lter paper. The ltrate obtained was reprecipitated in
water to obtain a white solid and separated by vacuum ltration,
followed by washing with acetone and diethyl ether. The result-
ing solid was dissolved in 10 mL DMSO and further puried by
dialyzing the polymer solution using a dialysis membrane
(MWCO 3500 Da) against water to remove the low-molecular
© 2024 The Author(s). Published by the Royal Society of Chemistry
weight polymers. The puried polymer solution was lyophilized
to obtain a white polymer and stored under vacuum until further
use. The yield was (0.562 mg polymer) 70%.

1H NMR (500 MHz, DMSO-d6): d 8.5 (1H, NH amide of Boc),
7.6 (1H, –NH of urethane), 7.3–6.6 (4H, –CH aromatic protons of
tyrosine), 5.7 (2H, –CH2 directly attached to –NH of urethane),
4.15–4.06 (1H, CH proton of tyrosine), 3.7 (3H, –CH3 proton of
methyl ester), 3.61 (2H, –CH2 protons of tyrosine), 3.51–3.02
(−OCH2, –OCH3 characteristic peak of mPEG), 2.9–1.33 (–CH2

protons of HMDI) and 1.45 (–CH3 protons of Boc).
FTIR (KBr pellet, wavenumber (cm−1)): 3336 (N–H stretch),

2933, 2858 (C–H stretch aromatic) 1740 (C]O of methyl ester),
1686 (C]O of urethane), 1626 (C]O of Boc), 1572 (C–N of
amide), and 1230 (C–O of ester).

2.2.2 Deprotection of Boc-tyrosine-mPEG (step 2). In
a 25 mL round bottom ask, PEGylated Boc-L-tyrosine-methyl
ester (0.5 g) was dissolved in 5 mL of dried DMSO, to which
4 mL of TFA was added and magnetically stirred at 200 rpm for
1 h at 0–5 °C. Then, the reaction mixture was stirred at 37 °C for
1 h. TFA was removed from the reaction mixture using a rotary
evaporator, the polymer was further puried by dialyzing
against water using a dialysis membrane (MWCO 3500 Da) for
24 h, and then the sample was lyophilized to obtain yellowish-
colored powder. The yield was (0.360 g polymer) 72%.

1H NMR (500 MHz, DMSO-d6): 8.5 (1H, –NH of urethane),
7.1–7.4 (−CH aromatic protons of tyrosine), 5.7 (2H, –CH2

directly attached to –NH of urethane), 4.15–4.06 (1H, CH proton
of tyrosine), 3.0 (2H, free amine), 3.61 (2H, –CH2 protons of
tyrosine), 3.4–3.5 (1H, –OCH2 characteristic peak of PEG), and
1.2–1.33 (−CH2 protons of HMDI).

FTIR (KBr pellet): wavenumber (cm−1): 3345 (N–H stretch),
2934, 2861 (C–H stretch aromatic), 1739 (C]O of ester), 1707
(C]O of urethane), and 1216 (C–O of ester).

2.2.3 Conjugation of Tyr-mPEG polymer with undecanoic
acid via amide bond formation (step 3). The product obtained
(100 mg) in step 2 was dispersed in DMF in a 25 mL round
bottom ask; undecanoic acid (100 mg, 0.53 mmol) was added,
and the reaction mixture was sonicated for 15 min. EDC$HCl (1-
ethyl-3-(3-dimethyl aminopropyl) carbodiimide hydrochloride)
(100 mg) and NHS (N-hydroxy succinimide) (10 mg) were added,
and the reaction was kept under magnetic stirring at 200 rpm
overnight at room temperature. The product was ltered to
remove the byproducts and reprecipitated in cold water. The
product was separated by vacuum ltration and washed with
water, followed by acetone. The polymer was dialyzed for further
purication. The obtained product was dried and weighed. The
yield was (0.150 g polymer) 75%.

1H NMR (500 MHz, DMSO-d6): d (ppm) 8.5 (1H, –NH of
urethane), 7.1–7.4 (−CH aromatic protons of tyrosine), 5.7 (2H, –
CH2 directly attached to –NH of urethane), 4.15–4.06 (1H, CH
proton of tyrosine), 5.1 (1H, –NH of amide), 3.7 (3H, –CH3 proton
of methyl ester), 3.61 (2H, –CH2 protons of tyrosine), 3.4–3.5 (1H,
–OCH2 characteristic peak of mPEG), 1.2–1.48 (−CH2 protons of
HMDI), and 2.77–2.99 (–CH2 proton of undecanoic acid).

FTIR (KBr pellet): wavenumber (cm−1): 3334 (N–H stretch),
2929, 2855 (C–H stretch aromatic) 1740 (–C]O of ester), 1688 (–
RSC Sustainability, 2024, 2, 3981–3998 | 3983
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C]O of urethane), 1623 (–C]O of amide), and 1230 (C–O of
ester).
2.3 Self-assembly of amphiphilic polymer into micelles and
determination of critical micelle concentration

The micelles were prepared from the tyrosine-derived amphi-
philic polymer by applying the solvent exchange method.
Briey, 10 mg of the amphiphilic polymer was dissolved in
10 mL of DMSO (1 mg mL−1 concentration). The solution was
stirred at 200 rpm and 37 °C for 1 h and then dialyzed exten-
sively against water using a dialysis membrane (MWCO 3500
Da). The critical micelle concentration (CMC) was determined
by uorescence spectrophotometry using pyrene as a probe. To
determine CMC, the polymer concentration was varied from 1.0
× 10−5 mg mL−1 to 0.1 mg mL−1 with a concentration of pyrene
xed at 1.0 × 10−3 M. For the uorescence study, an aliquot of
30 mL was drawn from each solution and diluted with distilled
water, and the spectra were then recorded at an excitation
wavelength of 330 nm. The emission uorescence intensities at
373 and 384 nm were monitored. The point of intersection
obtained aer extrapolating the intensity ratio I373/I384 in the
high and low concentration regions was designated as the CMC
value of the synthesized amphiphilic polymer.
2.4 Synthesis of catalytic nanoreactors (nZVI-CALB@NM) for
chemoenzymatic reaction

2.4.1 Step 1: synthesis of CALB-loaded nanomicelles
(CALB@NM). For the synthesis of CALB-loaded micelles,
12.5 mg of CALB was dispersed in 5 mL of PBS buffer and then
slowly added to the nanomicellar solution (1 mg mL−1) drop-
wise. The resulting solution was stirred for 5 h on a magnetic
stirrer and then incubated at 4 °C for 2 h, followed by dialysis
using (MWCO 3500 Da) against 100 mL of PBS buffer (10 mM,
pH = 7.0). The nal 10 mL of the solution obtained aer puri-
cation by dialysis contained the desired CALB-loaded nano-
micelles (CALB@NM).

2.4.2 Step 2: synthesis of zerovalent iron nanoparticle-
loaded CALB@NM. To prepare nZVI-CALB@NM, 10 mL FeCl3
solution (0.3 M) was sonicated for 10 min. Then, 10 mL NaBH4

(0.8 M) solution was added dropwise for 10 min to the FeCl3
solution under inert conditions with N2 purging. The reaction
mixture was sonicated for 30 min to ensure the complete
reduction of Fe3+ ions to zero-valent iron (Fe0) nanoparticles. To
this reaction mixture, sodium hydroxide was added dropwise to
adjust the pH to 8, followed by sonication for 10 min. The
synthesized iron nanoparticles were separated by magnetic
decantation, followed by washing with methanol and acetone
thrice to remove excess borohydride and byproducts. Next,
CALB@NM solution (10 mL) was added dropwise, and the
resultant solution was stirred for 30 min under an inert
condition with N2 purging. The reaction mixture was subjected
to dialysis against 100 mL of PBS buffer (10 mM, pH = 7.0). The
obtained product was then stored in a refrigerator and
characterized.
3984 | RSC Sustainability, 2024, 2, 3981–3998
2.5 Determination of Candida antarctica lipase B loading in
polymer nanomicelles

The amount of lipase binding to the nanomicelles via hydro-
phobic interactions was determined by the Bradford assay.24,25

Loading of CALB was performed by applying the dialysis
method.26 For this purpose, 5 mg of polymer and 12.5 mg of
CALB were taken in DMSO (5 mL), and Milli-Q water (5 mL) was
added to this solution dropwise and stirred for 4 h. The solution
was transferred to a dialysis bag of MWCO 3500 Da and dialyzed
for 24 h against 150 mL of PBS buffer (10 mM, pH = 7.0) to
remove the unencapsulated enzyme. Fresh PBS was replenished
periodically. The dialyzed transparent solution was preserved,
and the dialysis media was subjected to Bradford assay to
determine the protein concentration. The calibration curve of
BSA was plotted, as shown in Fig. S12.† The BSA loading capacity
of the nanomicelles and their entrapment efficiency can be
calculated by determining the BSA present in the dialysis media
using a UV-visible spectrophotometer. All the experiments were
carried out in triplicate. The loading capacity of the total protein
was calculated using the following equation (eqn (1)):

Loading capacity ð%Þ ¼
total protein� protein in dialysis media

total weight of polymer
� 100 (1)

Entrapment efficiency can be calculated as the ratio of
protein present in the polymer to the total weight of protein
taken in the polymer, as follows:

Entrapment efficiency ð%Þ ¼
total protein� protein in dialysis media

total protein content
� 100 (2)

2.6 Amount of zerovalent iron nanoparticles loading in
nZVI-CALB@NM`

The amount of zerovalent iron nanoparticles loading in the
nanomicelles was determined from the iron content analyzed
by Inductively Coupled Plasma Atomic Emission Spectroscopy
(ICP-AES), aer the acid digestion of the sample. For this
protocol, 10 mg of polymer and 50 mg of synthesized zerovalent
iron nanoparticles were taken in DMSO (5 mL), and Milli-Q
water (5 mL) was added to this solution dropwise and stirred
for 6 h. The solution was transferred to a dialysis bag of MWCO
3500 Da and dialyzed for 24 h against 250 mL of PBS buffer
(10 mM, pH 7.0) to remove the unencapsulated iron. Fresh PBS
was replenished periodically. The dialyzed transparent solution
was preserved, and the dialysis media was utilized for the ICP-
AES analysis.
2.7 Hydrolytic activity of nZVI-CALB@NM

The hydrolytic activity of the catalyst was determined using p-
nitrophenyl acetate (p-NPA) as a substrate. In the enzyme
activity assay, 50 mL of p-NPA (100 mM) and 2 mL of nZVI-
CALB@NM (nanoreactors) were incubated at 35 °C using
a constant temperature bath equipped with a thermocouple
© 2024 The Author(s). Published by the Royal Society of Chemistry
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probe. An aliquot of 30 mL was drawn from the reaction mixture
at a xed time interval and diluted with 2.5 mL of distilled
water. The release of p-nitrophenol (p-NP) was then monitored
using a UV-vis spectrophotometer (Agilent Cary 60) at a wave-
length of 312 nm for 30 min at 35 °C.
2.8 Catalytic activity of nZVI-CALB@NM towards reduction
of 4-nitrophenol

The catalytic activity of the nZVI-CALB@NM was measured
using p-NP as a substrate. To optimize the reaction conditions
for the reduction of p-NP, we performed the reactions in
a cuvette. For the reaction, 50 mL aliquot of the sample was
diluted in 450 mL of distilled water containing catalyst (18 wt%
nZVI) and NaBH4. The reaction progress was monitored using
a UV-vis spectrophotometer. The absorption peak at 405 nmwas
observed due to the formation of intermediate nitrophenolate
ions.

The time required for the completion of the reaction was
monitored by scanning the UV spectrum at a xed time interval
of 1 min. As the reaction progresses, the absorbance at 405 nm
decreases gradually, and the new absorption peak at 300 nm
increases due to the formation of the p-aminophenol (p-AP).

The rate of the reaction was evaluated by studying the
kinetics of the reaction in terms of the concentration of p-NP.
The rate constant k was determined for the reaction using
the plot of ln(Ct/C0) vs. reduction time as per the following
equation (eqn (3)):

ln

�
Ct

C0

�
¼ �kt; (3)

where Ct is the concentration of the p-NP at time t (min), C0 is
the initial concentration of p-NP at time t = 0 (min) and k is the
rate constant. The conversion of p-NP was calculated using the
following equation (eqn (4)):

Conversion ¼ ln

�
At

A0

�
� 100%; (4)

where At denotes the UV absorbance at 405 nm, which is
proportional to the concentration of the reduced p-NP, and A0 is
the initial UV absorbance at 405 nm aer the addition of
NaBH4.
2.9 Multistep catalytic synthesis of acetaminophen using
nZVI-CALB@NM

The synthesis of acetaminophen was carried out in a one-pot by
mixing 18 mg of p-NPA substrate with nZVI-CALB@NM in
a nal reaction volume of 2 mL. Subsequently, 50.5 mg of
NaBH4 was added to initiate the reduction reaction. To measure
the release of p-NP from p-NPA, a UV-visible spectrophotometer
with a wavelength ranging from 250 to 500 nm was used. The
reduction of p-NP to p-AP was also monitored at 405 nm via UV-
visible spectrophotometer for 10 min at 2 min intervals. Finally,
0.1 g of acetic acid was added to the reaction mixture. The
formation of the nal product was monitored at 5 min intervals
for the next 20 min. All reactions were performed at a controlled
temperature of 35 °C using a constant temperature bath
© 2024 The Author(s). Published by the Royal Society of Chemistry
equipped with a thermocouple probe. For all UVmeasurements,
50 mL aliquots of the sample were diluted in 450 mL of distilled
water.
2.10 Recycling studies

The catalyst and the product were separated aer the reaction
completion by simple extraction with chloroform (3 × 2 mL).
Aer separation, the aqueous layer containing the nanoreactors
was washed with diethyl ether to remove any organic molecules.
Then, the solution was dialyzed extensively and reused for the
next cascade cycle.
3 Results and discussion
3.1 Synthesis of tyrosine-derived amphiphilic polymer

For the synthesis, commercially available Boc-L-tyrosine methyl
ester was used as a precursor, as shown in Scheme 1. Tyrosine
was selected as the backbone of the polymer skeleton due to its
multifunctionality and inherent biocompatibility. Our synthesis
began with the functionalization with hydrophilic segment
mPEG having a free hydroxyl group via urethane linkage using
hexamethylene diisocyanate, resulting in pre-polymer 1.

To avoid the interference of the amine and carboxyl groups
of tyrosine, the protected formed Boc-L-tyrosine methyl ester
was used. The yield in all the steps was calculated with respect
to the tyrosine derivative.

The formation of the urethane linkage between Boc-L-tyro-
sine methyl ester and mPEG was conrmed by the appearance
of the characteristic peak of urethane at 7.6 ppm in the 1H NMR
(Fig. S1†). In FTIR analysis, a band for carbonyl at 1686 cm−1

corresponding to the urethane linkage was observed (Fig. S3†).
Further, the Boc-protected amine of tyrosine was deprotected
using triuoroacetic acid to obtain pre-polymer 2 with a free
amine group for further functionalization.27 The deprotection of
the Boc group of pre-polymer 2 was conrmed by 1H NMR and
FTIR analysis.

The disappearance of the peak at 1.38 ppm in NMR spectra
and also the band around 1626 cm−1 corresponding to the
carbonyl group of Boc moiety showed successful deprotection
(Fig. S2 and S4†). To further conrm whether deprotection
occurred under the given reaction conditions, Boc-L-tyrosine
methyl ester was used as a model reactant. The reaction was
carried out under similar reaction conditions and was moni-
tored by thin layer chromatography. The product was isolated
and conrmed by GC-MS analysis, which showed that the
amine group was deprotected (as shown in Fig. S5†). Func-
tionalization with undecanoic acid endows hydrophobic char-
acter to the polymer. Undecanoic acid was conjugated with the
free amino group of pre-polymer 2 using 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide as a reagent. The amida-
tion was conrmed by FTIR analysis, which showed a carbonyl
peak of amide around 1623 cm−1 (Fig. S6†). The structure of the
nal amphiphilic polymer was further conrmed by 13C NMR
(as shown in Fig. S7†). The characteristic peaks of urethane,
amide and ester linkages were observed at 155.1, 174 and
176 ppm, respectively.
RSC Sustainability, 2024, 2, 3981–3998 | 3985
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Scheme 1 Schematic of the synthetic route to poly(ethylene glycol) methyl ether,Mn= 5000, and undecanoic acid-tagged tyrosine amphiphilic
polymer depicting the self-assembly of tyrosine amphiphilic polymer into nanomicelles.
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Themolecular weight (Mn) of the polymer was determined by
applying the 1H NMR end group analysis method. The amphi-
philic polymer possesses Mn = 7500 g mol−1 shown in Fig. 1.
TGA analysis of the nal amphiphilic polymer revealed that the
polymer was stable till 150 °C (Fig. S8†).
3.2 Self-assembly of tyrosine-derived amphiphilic polymers
into nanomicelles

Amphiphilic polymers may self-assemble into aggregates with
different structures, such as micelles, vesicles, rods, and hollow
tubes.28 The hydrophilic to hydrophobic ratio (HLB) plays
a critical role in determining the morphology of the amphi-
philic polymer. This is a useful feature for manipulating the
morphology of an amphiphilic polymer for different applica-
tions involving catalysis. The nanomicelles were prepared from
the amphiphilic polymer using the solvent exchange method.29

To study the self-assembly of the tyrosine-derived amphiphilic
polymer, the polymer sample was introduced into various
solvents and their mixtures to obtain optimal conditions for the
formation of the micelles. It was observed that the polymer
sample when dissolved in DMSO + water and subjected to
dialysis using a dialysis bag with MWCO 3500 Da obtained
a stable aqueous clear polymer solution.

The critical micelle concentration value was determined
using a hydrophobic dye, pyrene, as a uorescent probe.30 The
nanomicelles exhibited a low CMC value of 0.97 mg L−1 (Fig. 2),
which indicates that the synthesized amphiphilic polymer can
form highly stable nanomicelles. This observation is supported
3986 | RSC Sustainability, 2024, 2, 3981–3998
by a well-known fact from the literature that the ratio of the
hydrophobic portion in an amphiphile affects the CMC value. A
smaller CMC value is attributed to the higher ratio of hydro-
phobic counterparts.31 The hydrophobicity of the polymer was
higher due to the aromatic ring of tyrosine, methyl groups of
undecanoic acid present and methyl groups of HMDI present in
the polymer skeleton. The relatively low CMC value makes the
nanomicelles desirable candidates for catalytic application.

The self-assemblies were investigated by microscopic and
spectroscopic studies to determine their morphology. For these
studies, water insoluble uorescent pyrene was chosen as
model dye.32 The pyrene was encapsulated in the polymer
nanomicelles using the dialysis method.26 First, the encapsu-
lation of the pyrene was ensured from the orescence intensity
of the extensively dialyzed solution, which had a characteristic
emission peak of pyrene with lmax = 375–405 nm, indicating
successful dye encapsulation.33 Further, to explore the micellar
structure formed by self-assembly of newly synthesized
amphiphilic polymer, a dye encapsulation study was carried
out.34 The dye-encapsulated solution showed the presence of
single-layer blue emitting spherical micelles when examined
under a orescence microscope (Fig. 2). This study conrmed
the presence of a conned hydrophobic core inside the self-
assembly as well as the ability of the aggregates to entrap
hydrophobic guest molecules in its hydrophobic core.35

The morphology of the formed self-assembled nanomicelles
was initially investigated using HRTEM. The HRTEM image of
the bare nanomicelles showed the formation of spherical
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 1H NMR of the final amphiphilic polymer.

Fig. 2 (A) Schematic of the self-assembly of amphiphilic polymer into nanomicelles and subsequent encapsulation of pyrene dye (B) fluores-
cence emission spectra of pyrene as a function of polymer concentration varying from 1.0 × 10−5 mg mL−1 to 0.1 mg mL−1 (inset: fluorescence
image of pyrene encapsulated micelles) and (C) determination of CMC using pyrene as a fluorescent probe. The data are presented as mean ±

standard deviation of at least 3 independent experiments.
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nanomicelles with an average diameter of 132 nm with a thin
layer and core, which is clearly evident for the formation of
nanomicelles (Fig. 3(A)). AFM is a very powerful tool for
© 2024 The Author(s). Published by the Royal Society of Chemistry
differentiating various nanoobjects. AFM analysis further
conrmed the spherical morphology of the nanomicelles
(Fig. 3(B)). The micellar aggregation of amphiphilic polymers
RSC Sustainability, 2024, 2, 3981–3998 | 3987
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Fig. 3 Characterization of the self-assembly of tyrosine-derived amphiphile into nanomicelles: (A) HR-TEM image; (B) AFM image; (C) FEG-SEM
image (the samples were maintained at 1 mg mL−1 concentration for the above-mentioned characterizations), DLS. (D) Blank nanomicelles and
(E) CALB-loaded nanomicelles (the samples were maintained at 0.1 mg mL−1), [Rh: hydrodynamic radius].

RSC Sustainability Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
O

ct
ob

er
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

1/
21

/2
02

5 
10

:3
6:

37
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
was also conrmed by the FESEM investigation. The FESEM
images showed spherical aggregates, corroborating the HRTEM
results (Fig. 3(C)).

Dynamic Light Scattering (DLS) experiments were carried out
to obtain the mean hydrodynamic radius and size distribution
of the self-assembled bare nanomicelles. DLS analysis of this
aqueous polymer solution exhibited mono-model distribution
with good autocorrelation with respect to the formation of
uniform size distribution of nano-aggregates of size 164 nm
(Fig. 3(D)). The CALB-loaded nanomicelle samples also showed
a mono-modal distribution with 213 nm size nanoobjects,
indicating that the CALB is successfully loaded in the core of
nanomicelles (Fig. 3(E)).

Based on the DLS studies and morphological characteriza-
tion by HRTEM, AFM and FESEM, it can be conrmed that the
newly synthesized tyrosine-derived micelles are very unique in
retaining their micellar shape even aer loading enzyme.
3.3 Synthesis of catalytic nanoreactors

We reported for the rst time the successful design and
synthesis of nanomicelles co-loaded with CALB and zerovalent
iron nanoparticles to act as catalytic nanoreactors. The nano-
particles and enzymes are well dispersed in the hydrophobic
core of the nanomicelles, avoiding their aggregation. The
synthesis of the biohybrid was initiated by encapsulating CALB
(1.2 mg mL−1) in amphiphilic polymer-derived nanomicelles.
The enzyme-loaded nanomicelle solution was dialyzed against
PBS buffer (10 mM, pH = 7) to remove excess enzyme and
calculate the quantity of enzyme loading in the nanomicelles.
The CALB loading capacity and entrapment efficiency in the
nanomicelles were 85% and 71%, respectively, calculated from
eqn (1) and (2). The hydrodynamic size of the CALB@NM was
3988 | RSC Sustainability, 2024, 2, 3981–3998
213 nm with uniform monodispersity. CALB hydrolyses the
methyl ester from the amphiphilic polymer backbone, which
results in free carboxylic acid groups, conrmed by a negative
value (i.e., −11.9 mV) obtained by the zeta potential analysis of
the obtained dialysed solution (as shown in Fig. 4 and S9†). The
obtained transparent dialysed solution was added to synthesize
zerovalent iron nanoparticles for encapsulation. The free
carboxylic group of tyrosine obtained aer hydrolysis helps to
stabilize iron nanoparticles via electrostatic interactions. The
stable black dispersed solution was dialysed against PBS buffer
(10 mM, pH = 7) to remove excess metal ions and was used as
a catalyst. The loading of zerovalent iron nanoparticles was
18 wt% as estimated by ICP-AES analysis.

The catalytic nanoreactors were characterized by applying
various techniques, such as HR-TEM, DLS, XPS and VSM. To
establish the role of nanomicelles in stabilizing nZVI and CALB,
HR-TEM imaging of nZVI-CALB was carried out in the presence
and absence of nanomicelles (Fig. 5). HR-TEM micrographs of
the nZVI-CALB in the absence of the nanomicelles showed an
aggregated chain-like structure, in which the dark eld contrast
is due to nZVI and light eld contrast is due to enzyme coating
(Fig. 5(A) and (B)). HR-TEM micrographs of the nanoreactor
conrmed the presence of spherical iron nanoparticles
(Fig. 5(C)). The average particle diameter of the iron nano-
particles was found to be in the range of 10–15 nm. Moreover,
the light eld contrast was due to polymer nanomicelles that
stabilized the iron nanoparticles. Notably, it is hard to distin-
guish between the polymer and CALB enzyme due to poor
contrast under TEM mode.

Fig. 5(D) shows that, with the loading of zero valent iron
nanoparticles and enzymes in the micelles, the average size of
the formedmicelles increases from 132 nm to 223 nm. A picture
taken at higher magnication showed the spherical
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Schematic of (A) CALB loading in nanomicelles leading to the hydrolysis of ester bond and subsequent loading of nZVI facilitated by free
carboxyl groups, (B) CALB loading in nanomicelles (i.e., CALB@NM) using dialysis method and (C) nZVI loading in CALB@NM using dialysis
method, resulting in black coloured uniformly dispersed solution.

Fig. 5 Characterization of catalytic nanoreactors; HR-TEM images of CALB and nZVI (A); (B) in the absence of nanomicelles and (C) in the
presence of nanomicelles (the samples were maintained at 1 mg mL−1 concentration for the above-mentioned characterizations.) and (D) DLS
(the samples were maintained at 0.1 mg mL−1), [Rh: hydrodynamic radius].
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nanomicelles. TEM images also showed that clusters of spher-
ical nZVI were observed in the micelles. The small size of nZVI
leads to a high surface-to-volume ratio, which is advantageous
for catalysis. The smaller size observed for nanomicelles in the
HR-TEM measurements compared to the DLS studies can be
attributed to the dehydration of the mPEG chains during
© 2024 The Author(s). Published by the Royal Society of Chemistry
sample preparation for the analysis.36 The polydispersity was
more pronounced in the TEM image of the nanoreactors
analyzed on dried samples, where drying caused particle
aggregation.37 However, the TEM image (Fig. 5(C)) clearly
showed spherical iron nanoparticles clustered in the hydro-
phobic cores of the micelles.
RSC Sustainability, 2024, 2, 3981–3998 | 3989
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Scheme 2 Schematic of the chemoenzymatic cascade reaction in the
presence of nZVI-CALB@NM.
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The surface composition of the catalyst was investigated by
the XPS analysis. A complete scan from 0 to 1000 eV binding
energy demonstrated the presence of C, O, N, and Fe in the
catalyst (Fig. S10†). For XPS analysis, the catalyst was dried and
then analyzed. The deconvoluted spectra of all the elements are
shown in Fig. S11.† In the XPS analysis, the photoelectron could
penetrate to a depth of about 5 nm below the surface, and the Fe0

peak had a very low intensity. The intensity of the Fe0 peak was
found to be lower than the peaks of Fe 2p3/2 at 712.5 eV, corre-
sponding to Fe(III) in the form of Fe2O3 and FeOOH, and at
719.1 eV, corresponding to the overlap of oxidized iron and zero-
valent iron nanoparticles.17 This can also be attributed to the
oxidation of nZVI during the drying process. Thus, the low
binding energy of 705 eV, corresponding to Fe(0), obtained was
consistent with the literature.38 The binding energies corre-
sponding to the C 1s of the C–C and O–C]O linkages were
observed at 284.8 and 288.6 eV, respectively. The binding ener-
gies for the 1s orbital of O were observed at 532 eV, corre-
sponding to the C–O linkage, and 535 eV attributed to the metal
oxide binding energy.24 The binding energy for the 1s orbital of N
was observed at 399 eV, which was attributed to the O]C–N
linkage. Carbon, oxygen, and nitrogen were present due to the
polymer nanomicelles in the nanoreactor composition.

To evaluate the magnetic properties of the loaded zerovalent
iron nanoparticles, VSM analysis was carried out. The magnetic
hysteresis curve is shown in Fig. S13.† The magnetization value
was calculated as 24 emu g−1. This conrms the super-
paramagnetic property, which is also evident from the easy
separation using an external magnet.

To check the structural stability of native enzymes and
enzymes loaded in nanoreactors, circular dichroism analysis
was carried out. The CD spectra of native CALB and nZVI-
CALB@NM show that the overall conformation of the CALB is
intact in the two preparations. However, two spectra showed
minor deviations, which can be due to some local conforma-
tional changes39 (Fig. S14†).
3.4 Evaluation of nZVI-CALB@NM as a catalyst for
chemoenzymatic cascade reaction

The nanoreactors were assessed for their catalytic activity
towards the chemoenzymatic cascade reaction using p-NPA as
a model reactant (Scheme 2). We started the experiments by
referring to the values given in the prior literature in which
similar reactions were performed using different catalytic
systems.24,40 Later, we selected the level range for each variable
suitable for our experimental setup.

Initially, we carried out the reaction only in the presence of
nanomicelles, in which p-NPA and sodium borohydride were
added to the nanomicelle solution. It was observed that the
reaction did not occur, and no change in the UV spectra was
observed. This suggests that in the absence of an enzyme,
hydrolysis of 4-NPA does not proceed. To understand the role of
CALB and nZVI, the control reactions were also performed using
enzyme-loaded micelles (CALB@NM) as catalysts. The UV-
visible data revealed the formation of 4-NP from 4-NPA, which
is due to hydrolysis in the presence of CALB, and the formation
3990 | RSC Sustainability, 2024, 2, 3981–3998
of 4-AP does not occur in the absence of nZVI (Fig. S15†). These
results revealed that the CALB plays a role in the hydrolysis of 4-
NPA, and the nZVI with sodium borohydride is important for
the nal reduction step to obtain 4-AP as a product. Further, we
carried out another set of control experiments to gain insight
into the role of nanomicelles.

3.4.1 Advantage of using nanomicelles for the chemo-
enzymatic cascade synthesis of p-AP. To establish the role of
nanomicelles, the hydrolysis and reduction reaction sequence
was investigated using p-NPA as a substrate. Two sets of cascade
reactions, one in the presence of nZVI-CALB@NM and another
in the presence of a mixture of CALB-nZVI were performed.

3.4.2 Using nZVI-CALB@NM. First, when the reaction was
performed in the presence of nanomicelles loaded with nZVI
and CALB, no organic solvent was required to perform the
reaction. The nanomicelles were capable of solubilising the
substrate so that the reaction could be performed in an aqueous
medium. Thus, the nanomicelles functioned as nanoreactors,
and the nanomicelle solution acted as a reaction medium. The
hydrolysis step, which marked the formation of p-NP, was
successfully catalysed by the enzyme present in the nano-
reactors. The completion of the hydrolysis step was observed in
15 min as conrmed by the UV spectra (discussed in Experi-
mental section 2.9), and the hydrolytic activity was determined
to be 85%. In addition to the reducing agent, sodium borohy-
dride, a new peak was observed in the UV spectra corresponding
to p-AP. This indicates that the nZVI in the nanoreactor catal-
yses the reduction of p-NP further to p-AP. The reduction step
was completed in 10 min. Reaction kinetics for the reduction
step was studied, and the k value was 15.8 × 10−2 min−1 with
excellent conversion (>98%) (Fig. 6(A) and S16(A), (C)†).
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Cascade synthesis of p-AP from p-NPA catalysed by nZVI-CALB and reaction kinetics of the reduction step (A) in the presence of
nanomicelles and (B) in the absence of nanomicelles (reaction conditions: p-NPA (1 mM), catalyst (2 mL contains nZVI (18 wt%), NaBH4 (1.4 mM)
at 35 °C).
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3.4.3 Using a mixture of nZVI-CALB in the absence of
nanomicelles. The control cascade synthesis using the nZVI-
CALB mixture as a catalyst in the absence of nanomicelles
could not proceed in an aqueous medium. Owing to the insol-
ubility of the substrate in water, it was performed in acetoni-
trile. The completion of the hydrolysis step took 25 min. The
reduction step was completed in 30 min, and the k value was
2.65 × 10−2 min−1. In this case, the whole cascade synthesis of
p-AP required an hour, and the conversion obtained was 95%
(Fig. 6 (B) and S15(B), (D)†).

These results clearly showed that in the presence of nano-
micelles, the chemoenzymatic process demonstrated a higher
Table 1 Optimization of reaction conditions for the chemoenzymatic
phenylacetate as a model reactanta

Sr. No. Volume of nanoreactors (mL) Conc. of NaBH4 (mM)

1 0.5 2
2 1 2
3 2 2
4 3 2
5 5 2
6 2 1.8
7 2 1.6
8 2 1.4
9 2 1.2
11 2 1.4
12 2 1.4
13 2 1.4
14 2 1.4
15 2 1.4
16 2 1.4

a Reaction conditions: all the reactions were carried out at room tempera

© 2024 The Author(s). Published by the Royal Society of Chemistry
catalytic activity in a lesser reaction time than in the absence of
nanomicelles. Indeed, the presence of nanomicelles positively
impacted the outcome of the chemoenzymatic reaction, leading
to a faster reaction rate in water as a solvent.
3.5 Optimization of cascade reaction for the synthesis
of p-AP

We investigated the chemoenzymatic cascade synthesis of p-AP
from p-NPA under different reaction conditions. p-Nitro-
phenylacetate was used as the model substrate. As shown in
Table 1, the volume of nanoreactors varied from 0.5 mL to 5 mL
using sodium borohydride 2 mM with 1 mM p-NPA substrate
cascade catalysis for the synthesis of p-aminophenol using p-nitro-

Conc. of Fe salt (M) Conc. of p-NPA (mM) Time (min)

0.1 1 40
0.1 1 35
0.1 1 20
0.1 1 20
0.1 1 18
0.1 1 25
0.1 1 26
0.1 1 26
0.1 1 30
0.2 1 15
0.3 1 10
0.4 1 10
0.5 1 8
0.3 5 12
0.3 10 20

ture (35 °C).
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concentration. For the cascade reaction, the time taken was
40 min and 35 min when 0.5 and 1 mL nanoreactors were used,
respectively (Table 1, entry 1 and 2). When we increased the
volume of the nanoreactors to 2 mL, the time required for the
reaction completion was 20 min. Beyond 2 mL of nanoreactor
volume, the reaction time did not change (Table 1, entry 4 and 5).
Remarkably, enzymatic activity to hydrolyse the p-NPA was
observed when 2mL ofmicelle solution was used for the reaction.
Table 2 p-Nitrophenyl esters of fatty acids with different chain lengths t
CALB@NMa

Sr. No. Substrate

1

2

3

4

5

6

a Reaction conditions: substrates (1 mM), nanoreactors (2 mL, contains n
calculated using UV-visible spectrophotometry.

3992 | RSC Sustainability, 2024, 2, 3981–3998
Hence, the volume of the nanoreactors was xed at 2 mL for
further optimizations. Furthermore, the reduction step was
performed using different concentrations of NaBH4 in the
standard reaction. When we decreased the concentration of
NaBH4 from 2 mM to 1.6 mM, the reaction time did not change
(Table 1, entry 5–11), while using 1.4 mM of NaBH4 resulted in
a remarkable conversion, i.e., 96% at 35 °C and reaction time,
i.e., 26 min (Table 1, entry 8).
ested for cascade reaction under the optimized condition using nZVI-

Product k (×10−2 min−1) % Conversion

15.8 98

13.6 96

10.7 95

7.2 96

6.9 98

3.2 99

ZVI (18 wt%)), and NaBH4 (1.4 mM) at 35 °C, and the % conversion was

© 2024 The Author(s). Published by the Royal Society of Chemistry
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However, further lowering the concentration of NaBH4 to
1.2 mM caused an increase in the reaction time (Table 1, entry
9); hence, an adequate concentration of NaBH4 (1.4 mM) was
used for the optimum reaction conditions. Further, we
increased the iron loading in the nanomicelles by increasing
the molarity of the iron salts from 0.1 M to 0.5 M. The reaction
time decreased with increasing iron loading, as shown in Table
1, entry 9–14. The best result was obtained with 0.3 M iron. The
optimum concentration of nZVI loaded was determined to be
18 wt% using ICP-AES analysis.

Further, under the optimized reaction conditions, the
substrate concentration of p-NPA was increased from 1 mM to
10 mM. The reaction times for 1, 5 and 10 mM were 8, 12 and
20 min, respectively. Thus, the nanoreactors help to regulate the
amounts of both the substrate and the product in aqueousmedia
by providing a controlled supply that does not overload the
enzyme, enabling greater conversion rates. Thus, nanomicelles
help to control both substrate and product concentrations in an
aqueous medium, allowing for higher rates of conversion.19

The reaction time was 10 min with 1.4 mM NaBH4 and 2 mL
of nanoreactor loading (Table 1, entry 12). On further increase
in iron loading, no appreciable change in reaction time was
observed.

Aer optimization of the reaction conditions, various p-
nitrophenyl esters of fatty acids with different chain lengths
were used as substrates. The hydrolysis and reduction of
nitrophenyl esters proceed satisfactorily, affording a single
product with good to excellent % conversion, which minimizes
the efforts to separate the unreacted starting materials. The
catalytic performance of nanoreactors was signicantly inu-
enced by the nature of the substituent on the nitroaromatic
compound. The UV-visible spectra corresponding to the
reduction of all the substrates in Table 2 are shown in Fig. S17.†
Fig. 7 (A) Commercial routes for acetaminophen synthesis. (B) Our app

© 2024 The Author(s). Published by the Royal Society of Chemistry
The nal product, 4-AP, formed from 4-NPA was also isolated
and characterized by 1H NMR, as shown in Fig. S18.†

p-Nitrophenyl esters with a long chain (Table 2, entry 4–6)
require longer reaction times compared to the esters with
a short chain substituent, which may be due to the increased
hydrophobicity. The kinetics of the reduction step were inves-
tigated for every substrate, following a protocol similar to that
mentioned above for p-NPA.
3.6 Synthesis of acetaminophen via sequential cascade
catalysis in one pot

Several attempts have been made to synthesize paracetamol
using different routes (Fig. 7). Generally, the commercial route
begins with the nitration of benzene, which is associated with
the formation of unwanted ortho aminophenol in signicant
amounts. Moreover, expensive platinum is required as a catalyst
for the reduction step.

Many attempts have been made to replace corrosive and
polluting sulphuric acid, but in some cases, the selectivities are
low.41 For instance, Gopinathan et al. synthesized acetamino-
phen with 86% yield from the hydroquinone and acetamide at
elevated temperatures (280–300 °C) in the presence of solid acid
catalysts, such as zeolite b or a heteropolyacid.42 A green
chemical route was proposed by Joncour and coworkers for the
direct synthesis of acetaminophen with a high yield (95%) from
hydroquinone using ammonium acetate as an amidating agent,
again at a high temperature (220 °C) with a long reaction time
(15 h).41 However, Sun et al. reported a bioinorganic nanohybrid
catalyst for acetaminophen synthesis in 10 min with a 96%
yield.24 However, it was a combination of oligomeric esterase
and expensive platinum nanoparticles.

We attempted to synthesize acetaminophen using relatively
inexpensive nZVI without using any organic solvent or any
roach for the direct synthesis of acetaminophen.

RSC Sustainability, 2024, 2, 3981–3998 | 3993
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Scheme 3 Plausible mechanism for the direct synthesis of acetaminophen using p-nitrophenyl acetate as a reactant in the nanomicellar core.

Fig. 8 Chemoenzymatic synthesis of acetaminophen in one pot using nanoreactors. The product was confirmed by (A) UV-visible spectroscopy,
(B) NMR and (C) HPLC. (Reaction conditions: p-NPA (1 mM, nanoreactors (2 mL contains nZVI (18 wt%), NaBH4 (1.4 mM) at 35 °C). lmax of p-NPA
(275 nm, red), p-NP (405 nm, blue), p-AP (312 nm, brown), and acetaminophen (243 nm, green).
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harsh mineral acid. When the aqueous solution of nanoreactor
nZVI-CALB@NM was incubated with p-nitrophenyl acetate and
NaBH4, the nal product, acetaminophen, was spontaneously
formed in the reaction ask (Scheme 3). The entire synthesis
was performed in one pot at room temperature without any
specialized equipment. The progress of the reaction was
monitored using UV-visible spectrophotometry. The reaction
was initiated in an aqueous phase, and subsequent hydrolysis
of p-NPA by nZVI-CALB@NM yielded p-NP as an intermediate,
characterized by the development of a yellow colour in the
solution (Fig. 8).

It is noteworthy that acetic acid was released as a byproduct
of hydrolysis. Subsequent reduction of p-NP was marked by the
disappearance of the yellow colour under reducing reaction
conditions, showing that this two-step reaction was completed
by a single nanoreactor platform. The reduced product, p-AP,
undergoes acetylation when subsequently reacted with acetic
acid (released during the hydrolysis step) in the nanoreactors to
form the nal product, acetaminophen. The whole reaction
process was completed within 30 min, and no spectral change
was observed aer 30 min of the reaction.

There is an additional advantage to the above reaction. The
weakly acidic environment generated due to the release of acetic
acid during hydrolysis favours acetylation without the use of any
additional organic solvent or harsh acid. For the same reasons,
the whole cascade process occurred in a single pot, and isolation
of products and byproducts is not necessary before acetylation.

The acetaminophen isolated aer the complete cascade cycle
was characterized by analytical techniques, such as NMR, FT-IR
and MS analysis (Fig. 8(B) and S19, S20†). To quantify the nal
product, i.e., acetaminophen, HPLC analysis was carried out
Fig. 9 Characterization of the recycled catalyst: (A and B) HR-TEM image
recycling study (error bar less than 1 standard deviation (n = 3)).

© 2024 The Author(s). Published by the Royal Society of Chemistry
and showed a 99.2% conversion yield (Fig. 8(C)). All the analyses
conrmed the formation of acetaminophen as the single
product from p-nitrophenylacetate. The peak matched with
standard acetaminophen, and the HPLC spectra are shown in
Fig. S21.† This technique makes it easier to produce pharma-
ceutically active molecules in a set up where funding for a new
production line or access to equipment is limited. Such
processes are likely to benet the pharmaceutical sector,
resulting in signicant cost reductions.
3.7 Recycling studies

The catalytic nanoreactors demonstrate another advantage, i.e.,
recyclability. It was also established from the recycling experi-
ments that catalytic activity did not decrease even aer multiple
cycles, and the nanoreactors were very stable for 5 cycles (Fig. 9).
Aer the reaction completion, nZVI-CALB@NM was separated
from the reaction mixture via simple extraction with chloro-
form. The product was analyzed by UV-visible spectrophotom-
etry. HR-TEM imaging of the recycled nanoreactors aer the 5th
cycle showed a change in micellar morphology and slight
agglomeration of zerovalent iron nanoparticles (Fig. 9(A) and
(B)). FE-SEM analysis also suggested that the aggregation of
nanomicelles was initiated (Fig. 9(C)). FTIR analysis conrms
the presence of a peak corresponding to amide, and urethane in
the recycled catalysts conrms that the chemical structure of
nanoreactors remains intact (Fig. 9(D)). The recycling results
supported the robust nature of the nanoreactors (Fig. 9(E)).

Leaching and deactivation of the catalyst have a cause–effect
relationship.43 To conrm that no leaching occurred, we dia-
lyzed the reaction mixture using a dialysis membrane with
s after 5th catalytic cycle (C) FEG-SEM analysis, (D) FT-IR analysis and (E)
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a 3500 Da molecular weight cut off. It was conrmed from the
ICP-AES analysis that no Fe ions could be detected in the dial-
ysis solvent. This supports the fact that no leaching occurred in
the current experimental setup.
3.8 Plausible mechanism

A plausible mechanism was proposed to explain the steps of
cascade catalysis occurring inside the nanoreactors in water, as
shown in Scheme 3. nZVI-CALB@NM act as catalytic nano-
reactors that entrap the reactants by virtue of hydrophobic
interactions; thus, the cascade can be carried out in water
instead of organic solvents.19 The uorescence microscopy
image of hydrophobic dye (i.e., pyrene) encapsulated inmicelles
provides evidence of their ability to entrap hydrophobic moie-
ties (Fig. 2). The nanoreactors contain CALB and zerovalent iron
nanoparticles.

The cascade reaction consists of two sequential steps:
hydrolysis and reduction. The hydrolysis step was catalyzed by
CALB, and the reduction step was catalyzed by nZVI synergis-
tically in the hydrophobic core of nanomicelles to achieve the
nal product in the single pot.19–21 The catalytic activity results
from the formation of a substrate–catalyst complex through
hydrophobic interaction.44 Due to the connement of both the
enzyme and nZVI in the nanomicellar hydrophobic core, the
hydrophobic reactant molecules come in close proximity to the
enzyme and nZVI. The high surface area of the iron nano-
particles, better dispersibility of CALB–nZVI in the core and the
nanostructure of nZVI in the nZVI-CALB@NMmight contribute
to the high catalytic activity. Herein, the generation of acetic
acid in situ during hydrolysis of p-NPAmaintains a weakly acidic
medium and further facilitates the next acetylation step to yield
acetaminophen as the nal product.

In our approach, the catalyst is developed from the non-toxic
precursors and the earth abundant iron. Moreover, the stability
and recyclability of enzymes and nZVI are enhanced due to
entrapment in nanomicelles. In comparison to traditional
methods for synthesizing acetaminophen, the present strategy
offers several advantages, including reduced costs, minimized
time requirements, and lower environmental impact. Notably,
all reactions were executed in an aqueous phase under ambient
conditions, without any specialized equipment. These factors
support the feasibility of the catalyst for the scaleup synthesis of
acetaminophen.
4 Conclusion

A novel amphiphilic polymer was successfully synthesized by
the functionalization of tyrosine with polyethylene glycol and
undecanoic acid. The amphiphilic polymer was successfully
self-assembled into the nanomicelles. A low CMC value of
0.97 mg L−1 indicated the high stability of the nanomicelles.
The hydrophobic core of the nanomicelles encapsulated the
enzymes CALB and nZVI to obtain catalytic nanoreactors for
the chemoenzymatic synthesis of p-aminophenol from p-
nitrophenylesters. Under optimized conditions, the rationally
designed catalytic nanoreactors facilitate the entire cascade
3996 | RSC Sustainability, 2024, 2, 3981–3998
reaction in water under ambient conditions. To demonstrate
the robust nature of the nanoreactors, a series of p-nitrophenyl
ester derivatives were used as reactants for the cascade reac-
tions. The corresponding p-aminophenol was obtained as the
desired product under mild reaction conditions in less time.
An environmentally benign chemoenzymatic cascade reaction
was proposed for the multistep catalytic synthesis of acet-
aminophen from p-nitrophenyl acetate. The acetic acid
generated in situ during the hydrolysis step provides a mild
acidic condition for the synthesis of acetaminophen. This
process is free of the usage of toxic solvents, expensive metals
and hazardous acid, and the nal product was obtained in
high yield within 30 min. The isolated acetaminophen was
characterized using 1H NMR, FTIR and ESI-MS spectroscopic
techniques.

Finally, the operational recyclability showed no signicant
loss in activity up to 5 consecutive cascade cycles of use at 35 °C.
The easy magnetic recovery and reusability of the catalytic
nanoreactors are critical for their application in scale-up
processes. In this work, we propose a novel method to hetero-
genise enzymes and house them with metal nanoparticles in
nanomicelles to catalyse novel cascade industrial
manufacturing processes. These ndings also imply that
similar results can be anticipated for other enzymatic processes
and sequential cascade catalysis.
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J. Syrovátka, D. Jirák, A. Gálisová and V. Velebný, Selective
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