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PEGylation of a shell over core–shell MOFs—a
novel strategy for preventing agglomeration and
synergism in terms of physicochemical and
biological properties†

Nisha G. Pillai,a Archana K.,a Kyong Yop Rhee*b and Asif A. *a

We demonstrate a new strategy of PEGylation over core–shell MOFs of HKUST-1 and Cu-MOF-2 by a

solvothermal method. The novel synthesized PEGylated core–shell MOFs has synergistic enhancement

in terms of physicochemical and biological properties. FTIR spectroscopy and XRD analysis described

the bonding characteristics of the double-shelled–core MOFs PEG@HKUST-1@CuMOF-2 and

PEG@CuMOF-2@HKUST-1. XPS and EDAX spectroscopy confirmed the structural features of the

PEG@core–shell MOFs. The as-synthesized PEG-modified core–shell MOFs showed a readily identifiable

morphology with a reduction in particle size. The significant observation from SEM and TEM was that

agglomeration disappeared completely, and the morphology of individual core–shell MOFs was clearly

revealed. BET analysis provided the surface characteristics of MOF compounds. The chemical states of

frameworks were established by XPS. The designed PEG-modified copper MOFs were evaluated for their

activity against Gram-positive (Staphylococcus aureus, Enterococcus faecalis), Gram-negative

(Escherichia coli and Klebsiella pneumoniae) bacterial species and activity against fungal species

(Aspergillus niger and Candida albicans). This research work highlights a facile and synergistic approach

to design promising biocompatible nano-dimensional core–shell MOFs for biological applications.

1. Introduction

Metal–organic frameworks (MOFs) are new class of hybrid
porous materials. Usually, they are constructed from molecular
building blocks (MBBs) of metal ions or metal clusters (inorganic
nodes referred to as ‘‘secondary building units’’) and organic
linkers, which are connected through coordination bonds to
form one-, two- or three-dimensional networks resembling zeo-
lites in crystallinity and surface area.1–5 MOFs have attracted
significant attention due to their porous structures and immen-
sely tunable nature, which enables addressing demands such as
carbon-dioxide capture,6,7 solar cells,8–10 water treatment,11 gas
sensing,12,13 heterogeneous supramolecular catalysis,14 as well as
separation and purification of liquid mixtures.15

A combination of the features of polymers and crystalline
MOFs gives rise to another new emerging class of MOFs:

polymer metal–organic frameworks (Poly MOFs). The processa-
bility and stability of polymer ligands are used to coordinate
with metal ions to form crystalline three-dimensional porous
frameworks of Poly MOFs. Polymers can be combined with
MOFs in diverse situations. For example, combinations are used
in the preparation of: mixed-matrix membranes (in which
polymers are co-blended with MOFs); composite materials (in
which the chains of polymers are crosslinked with MOFs); core
shell-like architectures (in which a layer of polymers is coated
on the surface of MOF materials).16 Surface modification by
polyethylene glycol (PEG, known as ‘‘PEGylation’’) is a very
important process in which PEG is covalently bonded to another
large molecule for therapeutic applications. The flexible and
biocompatible nature of PEG makes it suitable for various
applications in biomedicine. PEGylation on the surface of MOFs
improves their stability, solubility, biocompatibility, and perme-
ability, thereby increasing their adsorption into normal tissue.17

MOFs have attracted attention for antibacterial and antifungal
applications due to their designable structure and adjustable
size, strong interaction with bacterial membranes, high specific
surface area, continuous release of metal ions and high enzyme-
like activity. The antifungal activity of MOFs has been less
studied. MOFs are promising candidates as antibacterial agents
due to their rapid and strong activity against bacteria.18
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Among MOFs, core–shell MOFs are synthesized by growing a
polymer or another MOF as a shell over the core MOF. This
strategy provides synergistic properties and can find applica-
tions in biological and storage applications. Core–shell MOFs
based on two different MOFs, in which one MOF is a core and
other one is a shell, have been reported.19–21 PEGylation on this
type of core–shell MOF provides a novel platform for the strategic
combination of PEG and core–shell MOF to enhance physico-
chemical and biological properties synergistically. PEGylated
core–shell MOFs are promising biocompatible nanocarriers for
drug delivery. Herein, we discuss the synthesis of PEG@copper-
based core–shell MOFs: PEG@HKUST-1@Cu-MOF-2 and Cu-
MOF-2@HKUST-1. PEGylation was carried out with different
concentrations (10%, 30% and 50%) to ascertain the effect of
the polymer on the core–shell framework. Synthesized materials
were characterized by Fourier transform infrared (FTIR) spectro-
scopy, powder X-ray diffraction (PXRD) analysis, scanning elec-
tron microscopy (SEM), energy-dispersive X-ray (EDAX)
spectroscopy, X-ray photoelectron spectroscopy (XPS), transmis-
sion electron microscopy (TEM), Brunauer–Emmett–Teller (BET)
calculations and thermogravimetric analysis (TGA). Copper fra-
meworks, their core–shells and PEG-modified core–shell systems
were screened for biological (e.g., in vitro antibacterial and
antifungal) activities.

2. Experimental section
2.1. Materials

Cu(NO3)2�3H2O (97%, Nice Chemicals, India), trimesic acid
(1,3,5-benzene tricarboxylic acid, Tokyo Chemical Industry,
Japan), terephthalic acid (benzene-1,4-dicarboxylic acid, 98%,
Sisco Research Laboratories, India), PEG 400 (Rankem Chemi-
cals, India) and DMF (99%, Merck, USA) of analytical grade were
used. All chemicals were used without further purification.

2.2. Synthesis

2.2.1. HKUST-1. Cu(NO3)2�3H2O (7.2 mmol; 1.74 g) dis-
solved in 15 mL of DMF was added dropwise to the solution
of trimesic acid (4 mmol; 0.84 g) dissolved in 15 mL of DMF
under a magnetic stirrer. The entire solution was stirred at
room temperature for 3 h and transferred to a Teflont flask,
which was then heated in an autoclave at 80 1C in an oven for
24 h. After cooling to room temperature, the obtained solution
was washed several times with DMF, and the contents were
separated by centrifugation and dried for future analyses. The
stock solution of HKUST-1 for the synthesis of core–shells was
obtained by dispersing the contents in 20 mL of DMF before
drying.

2.2.2. Cu-MOF-2. Cu(NO3)2�3H2O (4.3 mmol: 1.05 g) dis-
solved in 15 mL of DMF was added dropwise to the solution of
terephthalic acid (4.3 mmol; 0.72 g) dissolved in 15 mL of DMF
under a magnetic stirrer. The solution was stirred at room
temperature for 3 h and transferred to a Teflon flask, which was
heated in an autoclave in an oven at 80 1C for 24 h. After cooling
to room temperature, the obtained solution was washed several

times with DMF and the product was separated by centrifugation.
The product obtained was dried and stored for future analyses. A
stock solution of Cu-MOF-2 for the synthesis of core–shells was
obtained by dispersing the contents in 20 mL of DMF before
drying.

2.2.3. HKUST-1@Cu-MOF-2. The dispersed stock solution
of HKUST-1 (4 mL) in DMF was added to the precursor solution
of Cu-MOF-2, and the same procedure for the synthesis of Cu-
MOF-2 was continued.

2.2.4. Cu-MOF-2@HKUST-1. The dispersed stock solution
of Cu-MOF-2 (4 mL) in DMF was added to the precursor
solution of HKUST-1, and the same procedure for the synthesis
of HKUST-1 was continued.

2.2.5. PEG@HKUST-1@Cu-MOF-2. Ten millilitres of 10%
PEG was added to 15 mL of the dissolved solution of terephtha-
lic acid (4.3 mmol; 0.72 g) in DMF. The entire solution was
stirred under a magnetic stirrer for 30 min. Next, 4 mL of the
dispersed stock solution of HKUST-1 in DMF was added,
followed by the addition of 15 mL of the dissolved solution of
Cu(NO3)2�3H2O (4.3 mmol: 1.05 g) in DMF. The remaining
procedure was identical to that for the synthesis of core–shell
HKUST-1@Cu-MOF-2. Similarly 30% and 50% PEG@HKUST-
1@Cu-MOF-2 were prepared by adding 10 mL of 30% and 50%
PEG, respectively.

2.2.6. PEG@Cu-MOF-2@HKUST-1. Ten millilitres of 10%
PEG was added to 15 mL of the dissolved solution of trimesic
acid (4 mmol; 0.84 g) in DMF. The entire solution was stirred
under a magnetic stirrer for 30 min. Then, 4 mL of the dispersed
stock solution of Cu-MOF-2 in DMF was added, followed by the
addition of 15 mL of the dissolved solution of Cu(NO3)2�3H2O
(7.2 mmol: 1.74 g) in DMF. The remaining procedure was identical
to that for the synthesis of core–shell Cu-MOF-2@HKUST-1.
Similarly 30% and 50% PEG@Cu-MOF-2@HKUST-1 was prepared
by adding 10 mL of 30% and 50% PEG, respectively.

The yield of the synthesized materials stated above was
calculated and was found to be around 50% with respect to
the initial precursor compounds. A schematic representation of
the procedure followed for the synthesis of PEG@HKUST-
1@Cu-MOF-2 and PEG@Cu-MOF-2@HKUST-1 is shown in
Fig. 1.

2.3. Characterization

FTIR spectroscopy was recorded using a spectrophotometer
(Presige-21, Schimadzu, Japan) employing KBr pellets with a
spectral range of 4000–400 cm�1. PXRD patterns were recorded
using a diffractometer (AXS D8 Advance, Bruker, USA) based on Cu
Ka radiation (l = 1.5406 Å) at high temperature. Diffraction data
were obtained in the range of 2y = 3–501 with a step size of 0.021.
Morphological studies were carried out using field emission-
scanning electron microscopy (FE-SEM) with a Leo Supra 55
(Genesis 2000 model, Zeiss, Germany) system. High resolution-
transmission electron microscopy (HR-TEM) images were taken
using a JEM-2100F (Jeol, Japan) setup. TGA was done using a
Diamond TG/DTG model (PerkinElmer, USA) with a programma-
ble rate of 0.01–100 1C min�1 in an oxygen atmosphere. Surface-
area analysis based on BET theory was undertaken using a
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Quantachrome instrument (Autosorb iQ station 1 model, Anton
Paar, Austria) at 77 K after degassing of the sample at 200 1C
for 5 h.

The agar-well diffusion method was used to evaluate the
antibacterial activity of compounds. The activity of test com-
pounds was studied using two Gram positive (Staphylococcus
aureus and Enterococcus faecalis) and two Gram-negative bacteria
(Escherichia coli and Klebsiella pneumoniae). Mueller–Hinton agar
M173 (15–20 mL; Himedia Laboratories, India) was poured on
glass Petri plates of identical size and allowed to solidify. Wells of
diameter 8 mm (20 mm apart from one another) were punched
aseptically with a sterile cork borer in each plate. Standardized
inoculums of each test organism (Microbial Type Culture Collec-
tion and Gene Bank, India) were spread uniformly on the surface
of plates using a sterile cotton swab. The extract solution (50 ml) at
the desired concentration was added to the wells. One well with
gentamycin was maintained as the positive control and DMSO was
used as the negative control. Then, the agar plates were incubated
under suitable conditions depending upon the test microorgan-
ism. After incubation, a clear zone was observed. Inhibition of
bacterial growth was measured in mm.

Prepared compounds were screened for antifungal activity
using the well-diffusion method. The in vitro activity of test
compounds was studied against two fungal species: Aspergillus
niger and Candida albicans. Rose Bengal agar M842 (Himedia
Laboratories) was used for determination of the susceptibility
of fungal strains to antifungal agents. A sterile swab was used to
distribute the fungal culture evenly over the Rose Bengal agar
medium. The medium was dissolved completely by heating to
boiling. The medium was sterilized by autoclaving at a pressure
of 15 lb at 121 1C for 15 min and cooled to 45–50 1C. It was then
mixed well and poured into a sterile Petri plate. Inoculums were
procured from the Microbial Type Culture Collection and Gene

Bank. Plates were allowed to dry for 15 min before use. The
sample solution (40 mL and 80 mL) at the desired concentration
from stock (10 mg mL�1) was added to two wells. One well with
clotrimazole was the positive control. DMSO (solvent) used for
sample preparation was the negative control. Plates were incu-
bated at room temperature for 3 days, after which they were
examined for inhibition zones. The strain codes for E. coli, S.
aureus, K. pneumoniae, E. faecalis, A. niger and C. Albicans were
443, 87, 109, 436, 281 and 227, respectively.

4. Results and discussion

The presence of functional groups and their interaction in
frameworks and polymers were analysed by FTIR spectroscopy.
The FTIR spectra of parent Cu-MOFs and core–shell copper
MOFs are given in Fig. S1 (ESI†) and those of PEG@core–shell
MOFs are given in Fig. 2.

The FTIR spectra of HKUST-1 (Fig. S1a, ESI†) showed a
broad band at 3501 cm�1, which was associated with the –OH
group in the framework. The peak at 2867 cm�1 corresponded
to the C–H stretching vibration. The peak at 1537 cm�1 corre-
sponded to the CQO stretching vibration. Peaks at 1643 cm�1

and 1369 cm�1 corresponded to the asymmetric and symmetric
stretching vibrations of the COO� group.22 The strong peak
observed at 1453 cm�1 was associated with the aromatic CQC
stretching vibration.23 The band at 1115 cm�1 corresponded to
OC–OH stretching.24 Cu–O stretching was observed at 728 cm�1,
which indicated that oxygen was coordinated to the center of
copper metal.25

The FTIR peaks of Cu-MOF-2 (Fig. S1b, ESI†) in the range
3300–3600 cm�1 were due to the presence of acidic –OH groups in
the framework. Bands at 1692 cm�1 and 1396 cm�1 corresponded

Fig. 1 Procedure followed for the synthesis of PEG@HKUST-1@Cu-MOF-2 and PEG@ Cu-MOF-2@HKUST-1.
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to the asymmetric and symmetric stretching vibrations of the
COO� group.26 The peak observed at 1566 cm�1 corresponded
to the CQO stretching vibration. The peak at 1509 cm�1 was due
to phenyl-ring vibrations.26 The bands appearing in the region
700–900 cm�1 were due to the out-of-plane bending vibrations
of aromatic C–H groups. The lattice vibrations of Cu–O were
also observed in the region 600–800 cm�1.27 The peak observed
at 742 cm�1 was due to Cu–O stretching, suggesting that copper
metal was coordinated to an oxygen atom.

The core–shell HKUST-1@Cu-MOF-2 (Fig. S1c, ESI†) showed
an –OH stretching peak in the range 3300–3600 cm�1. Peaks at
1692 cm�1 and 1369 cm�1 were associated with the asymmetric
and symmetric stretching vibrations of the COO� group. The
peak observed at 1572 cm�1 corresponded to the CQO stretching
vibration. The peak observed at 728 cm�1 was due to Cu–O
stretching, suggesting that copper metal center in the core–shell
structure was coordinated to an oxygen atom. Similarly in core–
shell Cu-MOF-2@HKUST-1 (Fig. S1d, ESI†), the –OH stretching
peak was observed at 3487 cm�1. Bands at 1650 cm�1 and
1369 cm�1 were associated with the asymmetric and symmetric
stretching vibrations of the COO� group. The peak observed at
1558 cm�1 corresponded to the CQO stretching vibration. The
peak observed at 721 cm�1 was due to Cu–O stretching, suggest-
ing that copper metal was coordinated to an oxygen atom. The
existence of the Cu–O stretching bond indicated the presence of
Cu-carboxylate linkage in the core–shell MOFs.

The O–H stretching vibration in 10% PEG@HKUST-1@
Cu-MOF-2 (Fig. 2a) was observed at 3360 cm�1. The peak at
1692 cm�1 was due to the asymmetric stretching vibration of
the carboxylate group. The peak at 1545 cm�1 was due to the
CQO stretching vibration of the carboxylate group. Bands at
1390 cm�1 and 1298 cm�1 were associated with the C–O
stretching vibration of PEG, whose characteristic absorptions

are those of a primary alcohol.28 The narrow absorption peak at
1023 cm�1 corresponded to the ether C–O–C bond in PEG
(characteristic band for the determination of PEG content) of
PEG@core–shell MOF.29 The Cu–O stretching vibration peak
was slightly displaced to 735 cm�1 after the addition of PEG.
The FTIR spectrum of 30% (Fig. 2b) and 50% PEG@HKUST-
1@Cu-MOF-2 (Fig. 2c) was the same as that of the pattern
exhibited by 10% PEGylated system.

The FTIR spectrum of 10% PEG@Cu-MOF-2@HKUST-1
(Fig. 2d) exhibited peaks at 3480 cm�1, 1643 cm�1,
1537 cm�1, and 1375 cm�1, which were associated with O–H
stretching, stretching vibration of the carboxylate group, CQO
stretching vibration of the carboxylate group and C–O stretch-
ing vibration of the PEG chain, respectively. The presence of the
ether C–O–C bond in PEG was identified by a narrow peak at
1023 cm�1. The Cu-O stretching vibration peak was slightly
displaced to 735 cm�1 after addition of PEG. Both 30% and
50% PEG@Cu-MOF-2@HKUST-1 also exhibited similar peaks
as those of 10% PEG@Cu-MOF-2@HKUST-1. These results
suggested that after modification with PEG, the IR spectrum
of PEG@core–shell MOFs did not show any obvious difference
from that of their corresponding core–shell MOFs.

The PXRD patterns of parent MOFs and their core–shell
MOFs are given in Fig. S2 (ESI†) and PEG@core–shell MOF
systems are illustrated in Fig. 3.

The PXRD patterns of parent MOFs were in good agreement
with those reported for HKUST-125 and Cu-MOF-2.30 The PXRD
pattern of HKUST-1 showed a prominent sharp peak at 2y =
11.6131 and Cu-MOF-2 at 2y = 10.31. The diffraction peaks of
HKUST-1 appeared at 2y values of 6.721, 9.561, 11.611, 13.461,
17.481, 19.041, 20.211, 23.341, 26.081 and 29.311. The diffraction
peaks of Cu-MOF-2 appeared at 2y values of 10.251, 121, 17.181
and 251.

Fig. 2 FTIR spectra of (a) 10% PEG@HKUST-1@Cu-MOF-2, (b) 30% PEG@HKUST-1@Cu-MOF-2, (c) 50% PEG@HKUST-1@Cu-MOF-2, (d) 10% PEG@Cu-
MOF-2@HKUST-1, (e) 30% PEG@Cu-MOF-2@HKUST-1 and (f) 50% PEG@Cu-MOF-2@HKUST-1.
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The core–shell HKUST-1@Cu-MOF-2 showed peaks at 2y
values of 6.721, 9.461, 10.251, 12.111, 13.571, 17.181, 20.511
and 24.811, which corresponded to the peaks of HKUST-1 and
Cu-MOF-2. Similarly, in core–shell Cu-MOF-2@HKUST-1, PXRD
peaks were observed at 2y values of 6.721, 9.561, 11.611, 13.371,
17.481, 19.041, 20.311, 23.541, 25.981 and 29.401, which corre-
sponded to those of the parent MOFs. The PXRD pattern of
synthesized core–shell MOFs confirmed the existence of the
diffraction peaks of both parent MOFs (HKUST-1 and Cu-MOF-
2), suggesting that the properties of the intrinsic framework of
HKUST-1 and Cu-MOF-2 participating during core–shell for-
mation remained intact.

The two diffraction peaks at 2y values of around 20.11 and
24.41 in the PEG@core–shell systems of HKUST-1@Cu-MOF-2
indicated the presence of a PEG moiety.32,33 The diffraction
peaks of various concentration of PEG@core–shell MOFs
HKUST-1@Cu-MOF-2 appeared at the same 2y values: 9.951,
11.911, 16.891, 20.711, 24.521, 33.701 and 41.921.

The diffraction peaks of different concentrations of PEG@
core–shell MOFs of Cu-MOF-2@HKUST-1 appeared at the same
2y values of 6.531, 9.461, 11.511, 13.281, 17.381, 18.941, 20.021,
23.831, 25.781 and 29.011. The PXRD pattern of different
PEG@core–shell MOFs of HKUST-1@Cu-MOF-2 and Cu-MOF-
2@HKUST-1 indicated the presence of the diffraction peaks of
HKUST-1, Cu-MOF-2 and a PEG moiety. The presence of sharp
peaks in all synthesized MOFs indicated their highly crystalline
nature. Peaks related to impurities were not observed in the
PXRD patterns of synthesized MOFs.

The morphology and average particle size of synthesized MOFs
can be obtained from SEM analysis. The scanning electron micro-
graphs of parent MOFs and core–shell MOFs are shown in Fig. 4
and their PEG@core–shell MOFs are shown in Fig. 5.

The particles of HKUST-1 exhibited an octahedral morphology
with an average particle size of 2–23 mm. On the other hand,
Cu-MOF-2 showed a cubic morphology with an average size of
2–18 mm. The SEM image of core–shell MOFs showed the
morphology of the composition of the core structure. HKUST-1@
Cu-MOF-2 displayed a cubic morphology. Cu-MOF-2@HKUST-1
had an octahedral morphology. The average particle size of
HKUST-1@Cu-MOF-2 and Cu-MOF-2@HKUST-1 was 2–20 mm
and 2–13 mm, respectively.

Similarly, PEG@core–shell MOFs retained the same mor-
phology of the bare core–shell MOFs (Fig. 5). In the case of 10%,
30% and 50% PEG@HKUST-1@Cu-MOF-2, particles retained the
cubic morphology and the average particle size was found to be 2–
12 mm, 1.5–10 mm, and 1.5–5.5 mm, respectively. Hence, the average
particle size decreased with an increase in the concentration of PEG.

Fig. 4 Scanning electron micrographs of (a) HKUST-1, (b) Cu-MOF-2, (c)
HKUST-1@Cu-MOF-2 and (d) Cu-MOF-2@HKUST-1.

Fig. 3 PXRD of (a) 10% PEG@HKUST-1@Cu-MOF-2, (b) 30% PEG@HKUST-1@Cu-MOF-2 (c) 50% PEG@HKUST-1@Cu-MOF-2, (d) 10% PEG@Cu-MOF-
2@HKUST-1, (e) 30% PEG@Cu-MOF-2@HKUST-1 and (f) 50% PEG@Cu-MOF-2@HKUST-1.
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SEM images of 10%, 30% and 50% PEG@Cu-MOF-2@
HKUST-1 (Fig. 5) showed particles with an octahedral morphology
and the average size was found to be 2–8.5 mm, 2–6 mm and 2–4
mm, respectively. The particle size decreased with an increase in
the PEG concentration (similar to the HKUST-1@Cu-MOF-2 sys-
tem). In both core–shell MOFs, the addition of PEG to MOF
systems had an essential role as a capping agent and inhibited
particle agglomeration. When the PEG concentration was
increased, more –OH bonds became available for capping the
shell structure, which caused a reduction in particle size. PEG also
became part of the framework structure, thereby retaining the
morphology of the core–shell systems.

EDAX spectroscopy is an X-ray method used to acquire
quantitative data of the elemental composition of samples.
Details of the elemental composition of parent MOFs and
core–shell MOFs measured in atomic percent and weight
percent are listed in Table S1 (ESI†). The EDAX spectra of MOFs
are displayed in Fig. 6.

The EDAX spectra of HKUST-, Cu-MOF-2, HKUST-1@
Cu-MOF-2 and Cu-MOF-2@HKUST-1 showed the presence of
carbon (C), oxygen (O) and copper (Cu) elements. These results
confirmed that all the four frameworks contained the copper
metal atom along with the elements of the linkers (terephthalic
acid and trimesic acid). The presence of hydrogen could not be
detected because it is a lighter element. No other impurity peak
was seen in the spectrum of parent MOFs and core–shell MOFs,
which confirmed the purity of the copper MOFs. EDAX spectro-
scopy provided the exact percentage of the elements carbon,
oxygen, and copper present in parent MOFs and core–shell
MOFs.

The morphological information obtained from SEM images
was confirmed by TEM. The different magnifications of TEM
images of 10%, 30% and 50% PEG@HKUST-1@Cu-MOF-2 and
Cu-MOF-2@HKUST-1 are shown in Fig. 7 and 8, respectively.

Fig. 6 EDAX spectra of (a) HKUST-1, (b) Cu-MOF-2, (c) HKUST-1@Cu-
MOF-2 and (d) Cu-MOF-2@HKUST-1.

Fig. 7 Transmission electron micrographs of (a) and (b) 10% PEG@H-
KUST-1@Cu-MOF-2, (c) and (d) 30% PEG@HKUST-1@Cu-MOF-2 and (e)
and (f) 50% PEG@HKUST-1@Cu-MOF-2.

Fig. 5 Scanning electron micrographs of (a) 10% PEG@HKUST-1@
Cu-MOF-2, (b) 30% PEG@HKUST-1@Cu-MOF-2, (c) 50% PEG@HKUST-1@
Cu-MOF-2, (d) 10% PEG@Cu-MOF-2@HKUST-1, (e) 30% PEG@Cu-MOF-
2@HKUST-1 and (f) 50% PEG@Cu-MOF-2@HKUST-1.
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SEM results were in good agreement with the results
obtained from TEM. PEGylation of core–shell MOFs reduced
the particle size and retained the morphology. TEM images
provide the internal cross-sectional view of samples. Hence,
octahedral and cubic morphologies appeared as a square
pattern in TEM images. In the case of both core–shells and
their PEGylated systems, TEM images showed a square-pattern
morphology.

If low-molecular-weight PEG (400 Da) is used for surface
modification, a high concentration of PEG is required to cause a
large reduction in size of particles. In the case of high-molecular-
weight PEG (Z2 kDa), a low concentration (0.5%) is sufficient to
obtain MOFs of nanometer size, and a higher concentration does
not cause further reduction in the size of particles.34,35

XPS was carried out to establish the electronic states of
elements present in core–shell frameworks. The XPS spectra
and deconvoluted spectra of core–shell MOFs HKSUT-1@Cu-
MOF-2 and Cu-MOF-2@HKUST-1 are shown in Fig. 9. Data
specifying binding energy and atomic percentages of elements
are shown in Table S2 (ESI†).

XPS showed the existence of carbon, oxygen, and copper
from the appearance of characteristic C 1s, O 1s and Cu 2p3

peaks. The C 1s peak in HKUST-1@Cu-MOF-2 at 285.33 eV and
Cu-MOF-2@HKUST-1 at 284.34 eV was assigned to the C atom of
the linker. The O 1s peak in HKUST-1@Cu-MOF-2 at 532.29 eV
and Cu-MOF-2@HKUST-1 at 532.34 eV was assigned to the O
atom of the linker. The Cu 2p peak in HKUST-1@Cu-MOF-2 at
935.03 eV and Cu-MOF-2@HKUST-1 at 935.20 eV was assigned
to Cu atom in core–shell frameworks.

The deconvolution XPS of Cu 2p3 provided an insight into
the chemical states of core–shell frameworks. The deconvo-
luted spectra of the Cu 2p3 state was split up into two states: Cu
2p3/2 and Cu 2p1/2. The Cu 2p3/2 state was deconvoluted into
two peaks centered at 935 eV and 940 eV originating from Cu(II)
and Cu(I), respectively. The Cu 2p1/2 state was deconvoluted
into two peaks centered at 955 eV and 965 eV originating from
Cu(II) and Cu(I), respectively. These deconvoluted XPS analyses
confirmed that Cu 2p3/2 and Cu 2p1/2 arose from HKUST-1 and
Cu-MOF-2, respectively.36 Data for XPS and deconvoluted spec-
tra confirmed the existence of core–shell frameworks.

The surface area and porosity of core–shell MOFs and
PEG@core–shell MOF systems were studied using N2 adsorp-
tion/desorption isotherms. The pore-size distribution was
determined using the Barrett–Joyner–Halenda (BJH) method
based on the kelvin equation.37 The N2 sorption isotherms of
core–shell MOFs are displayed in Fig. S3 (ESI†) and those of
PEG@core–shell MOFs are displayed in Fig. 10. Their corres-
ponding BJH plots are shown in Fig. S4 (ESI†).

Both the core–shell MOFs HKUST-1@Cu-MOF-2 and Cu-
MOF-2@HKUST-1 showed type-I adsorption isotherms. Cu-
MOF-2@HKUST-1 possessed greater monolayer adsorption
than HKUST-1@Cu-MOF-2. The presence of a minor hysteresis
loop in HKUST-1@Cu-MOF-2 indicated the presence of a small
amount of mesopore adsorption in open metal sites. The
absence of a hysteresis loop in Cu-MOF-2@HKUST-1 implied
the absence of open metal sites.

Table 1 represents the BET surface area and pore volume of
core–shell and PEG@core–shell MOFs. The BET surface area
and pore volume of HKUST-1@Cu-MOF-2 were 785.91 m2 g�1

and 0.327 cm3 g�1, respectively. Similarly, the BET surface area
and pore volume of Cu-MOF-2@HKUST-1 were 1287 m2 g�1

and 0.528 cm3 g�1, respectively. The pore diameter of both
HKUST-1@Cu-MOF-2 and Cu-MOF-2@HKUST-1 obtained
from the BJH pore-size-distribution plot was found to be
identical: 2.59 nm. The presence of a high pore volume in
Cu-MOF-2@HKUST-1 compared with that in HKUST-1@
Cu-MOF-2 resulted in slightly higher monolayer adsorption in
Cu-MOF-2@HKUST-1.19

The PEG@core–shell MOFs of HKUST-1@Cu-MOF-2 with
different concentrations of PEG (10%, 30%, 50%) exhibited a
type-I adsorption isotherm curve with small hysteresis loop.
Also, 10% PEG@HKUST-1@Cu-MOF-2 had higher monolayer
adsorption compared with that of 30% and 50% PEG@core–
shell MOF systems. The BET surface area of 10%, 30% and
50% PEG@HKUST-1@Cu-MOF-2 core–shell MOFs was
271.93 m2 g�1, 241.7 m2 g�1 and 201.18 m2 g�1, respectively.

The pore diameter of 10%, 30% and 50% PEG@HKUST-
1@Cu-MOF-2 obtained from the BJH pore-size-distribution plot

Fig. 8 Transmission electron micrographs of (a) and (b) 10% PEG@Cu-
MOf-2@HKUST-1, (c) and (d) 30% PEG@Cu-MOF-2@HKUST-1 and (e) and
(f) 50% PEG@Cu-MOF-2@HKUST-1.
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was found to be 0.49 nm. Addition of various concentrations of
PEG to HKUST-1@Cu-MOF-2 led to a change in its pore
diameter. The pore diameter fell from 2.59 nm to 0.49 nm.

This reduction may have been due to the surface modification
of PEG on the available coordination sites of HKUST-1@Cu-
MOF-2 due to a lack of a rigid framework structure.

Fig. 9 XPS of (a) HKUST-1@Cu-MOF-2 and (b) Cu-MOF-2@HKUST-1. (c) Deconvoluted XPS of Cu-MOF-2@HKUST-1 and (d) HKUST-1@Cu-MOF-2.

Fig. 10 N2 sorption isotherms of (a) 10% PEG@HKUST-1@Cu-MOF-2, (b) 30% PEG@HKUST-1@Cu-MOF-2, (c) 50% PEG@HKUST-1@Cu-MOF-2, (d) 10%
PEG@Cu-MOF-2@HKUST-1, (e) 30% PEG@Cu-MOF-2@HKUST-1 and (f) 50% PEG@Cu-MOF-2@HKUST-1.
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The PEG@core–shell MOFs of Cu-MOF-2@HKUST-1 with
different concentrations of PEG (10%, 30%, 50%) exhibited a
type-I adsorption isotherm curve with a small hysteresis loop.
The BET surface area of 10%, 30% and 50% PEG@Cu-MOF-
2@HKUST-1 core–shell MOFs was 849.59 m2 g�1, 763.9 m2 g�1

and 759.78 m2 g�1, respectively. The pore diameter of 10%,
30% and 50% PEG@Cu-MOF-2@HKUST-1 obtained from the
BJH pore-size-distribution plot was found to be 2.52 nm.

The pore diameter of PEG@Cu-MOF-2@HKUST-1 MOF sys-
tems remained the same as for Cu-MOF-2@HKUST-1 even after
the addition of PEG, which may have been due to the rigid
structure of Cu-MOF-2@HKUST-1. The decrease in specific
surface area of both PEG@core–shell MOFs after the addition
of PEG suggested that PEG present on the surface of MOFs
blocked the pore entrance.35 Incorporation of PEG into the
network structure of core–shell MOF was responsible for the
decrease in pore diameter.38

Thermal decomposition of synthesized MOFs was carried
out by TGA in a nitrogen atmosphere. The thermograms of
MOFs and core–shell MOFs are shown in Fig. S5 (ESI†) and
their PEG@core–shell MOFs are shown in Fig. 11.

The parent MOFs HKUST-1 and Cu-MOF-2 exhibited thermal
stability up to 327 1C and 310 1C, respectively. The parent MOF,
HKUST-1, showed two decomposition stages, with DTG peaks at
79 1C and 331 1C. Similarly, Cu-MOF-2 showed two decomposition
stages, with DTG peaks centered at 274 1C and 333 1C. The core–
shell MOFs, HKUST-1@Cu-MOF-2 and Cu-MOF-2@HKUST-1, were
thermally stable up to 305 1C and 330 1C, respectively. The
decomposition of HKUST-1@Cu-MOF-2 took place in two stages,
as indicated by DTG peaks at 273 1C and 324 1C. The core–shell
Cu-MOF-2@HKUST-1 underwent decomposition in two stages,
with DTG peaks centred at 79 1C and 335 1C.

The thermograms of PEG@core–shell MOFs resembled the
curve exhibited by their corresponding core–shell MOFs. The
decomposition of PEG@core–shell MOFs of HKUST-1@
Cu-MOF-2 and Cu-MOF-2@HKUST-1 in the range of 245–400 1C
and 320–400 1C, respectively, was due to thermal degradation of
the polymer and frameworks.39 Beyond 400 1C there was no weight
change with increasing temperature, which indicated the residual
thermal stability of the PEGylated MOFs. There was a slight
increase in the thermal stability of PEG@core–shell MOFs with
increase in PEG concentration that followed the pattern 10% o

Table 1 BET surface area and pore volume of core–shell MOFs and PEG@core–shell MOFs

MOF Specific surface area (m2 g�1) Pore volume (cm3 g�1) Pore diameter (nm)

HKUST-1 1067.1 0.416 2.52
Cu-MOF-2 807.78 0.320 2.52
HKUST-1@Cu-MOF-2 785.91 0.327 2.59
Cu-MOF-2@HKUST-1 1287 0.528 2.59
10% PEG@HKUST-1@Cu-MOF-2 271.93 0.494 0.49
30% PEG@HKUST-1@Cu-MOF-2 241.7 0.104 0.49
50% PEG@HKUST-1@Cu-MOF-2 201.18 0.103 0.49
10% PEG@Cu-MOF-2@HKUST-1 849.59 0.348 2.52
30% PEG@Cu-MOF-2@HKUST-1 763.9 0.317 2.52
50% PEG@Cu-MOF-2@HKUST-1 759.78 0.314 2.52

Fig. 11 TGA and DTG of (a) 10% PEG@HKUST-1@Cu-MOF-2, (b) 30% PEG@HKUST-1@Cu-MOF-2, (c) 50% PEG@HKUST-1@Cu-MOF-2, (d) 10%
PEG@Cu-MOF-2@HKUST-1, (e) 30% PEG@Cu-MOF2@HKUST-1 and (f) 50% PEG@Cu-MOF-2@HKUST-1.
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30% o 50%, which may have been due to the presence of
thermally stable PEG on core–shell MOFs.

5. Biological studies

The relationship between humans with bacteria is complex.
Bacteria can be useful as well as harmful to human health.
Contamination by bacteria is one of the most serious and life-
threatening problems in medicine, food and environmental are-
nas. Antibiotics are, in general, used to treat bacterial infections.
Bacteria have the genetic ability to resist the drugs used for treating
bacterial infections. The immunity of humans is supressed due to
the antibiotic resistance of bacteria. New infections caused by new
bacterial strains are resistant to many therapeutic drugs. Hence, it
is essential to develop unique antibacterial agents. Bacteria are
classified into two groups (Gram-positive and Gram-negative)
based on the gram stain (a test that checks for bacteria at the site
of an infection).

The antibacterial activity of MOFs, core–shell MOFs and PEG@
core–shell MOFs were studied in vitro against two Gram-positive
(S. aureus and E. faecalis) and two Gram-negative (K. pneumoniae
and E. coli) bacterial species. Graphical representation of antibac-
terial activity against different bacterial species is given in Fig. 12.

Except HKUST-1, all other MOFs were inactive towards the
Gram-positive bacterium S. aureus. The parent MOFs HKUST-1
and Cu-MOF-2, core–shell MOFs HKUST-1@Cu-MOF-2 and
50% PEG@core–shell MOFs of HKUST-1@Cu-MOF-2 and Cu-
MOF-2@HKUST-1 were active against the Gram-positive bacter-
ium E. faecalis.

The parent MOFs HKUST-1 and Cu-MOF-2, core–shell MOFs
HKUST-1@Cu-MOF-2 and Cu-MOF-2@HKUST-1 and 50% PEG@-
core–shell MOFs of HKUST-1@Cu-MOF-2 and Cu-MOF-2@HKUST-1
were active against the Gram-negative bacterium K. pneumoniae.
Core–shell MOF systems and all concentrations of PEG@core–shell
systems showed activity against the Gram-negative bacterium E. coli.

Hence, Gram-negative bacterial species were more sensitive
towards MOFs than Gram-positive bacteria, as reported pre-
viously.40,41 The presence of a thick peptidoglycan layer of the cell wall
in Gram-positive bacteria prevents the penetration of metals in the
structure of MOFs into bacteria cells.42–45 The major factor affecting
the antibacterial activity of MOFs is the ease of release of metal ions.
The antibacterial effect of MOFs is due to the presence of metal ions
but also due to the antibacterial action of organic linkers.46

A fungus belongs to the group of eukaryotic microorganisms
that contain chitin in their cell wall, which makes it different
from other kingdoms of bacteria, plants and animals. Fungi,
along with bacteria, are essential for breaking down organic
matter, resulting in the release of elements such as carbon,
nitrogen, phosphorous and oxygen into soil and the atmo-
sphere. Fungal species are diverse with different properties
that can be useful or harmful. Some fungi, such as mushrooms
and truffles are edible. They can also be used in the preparation
of food items such as wine, bread and cheese. Fungi can also be
used in the production of enzymes, vitamins and statin drugs
used to control the level of cholesterol.

The antifungal activity of MOFs, core–shell MOFs and
PEG@core shell MOFs were tested in vitro against two fungal
species: A. niger and C. albicans. Graphical representation of
antifungal activity is given in Fig. 13.

All MOFs were inactive towards A. niger. In the case of C.
albicans, all other MOFs except 50% PEG@Cu-MOF-2@HKUST-1
were inactive. The antifungal activity of 50% PEG@Cu-MOF-
2@HKUST-1 was as potent as its standard. The antifungal activity
of 50% PEG@Cu-MOF-2@HKUST-1 MOF could be explained
based on Tweedy’s chelation theory and Overton’s theory.47,48

The chelation theory states that the polarity of a metal ion is
reduced upon chelation due to the partial sharing of the positive
charge of metal ions with the donor atoms present in the ligands,
and there is a possibility of delocalization over the entire chelated
ring. According to Overton’s theory, lipophilicity plays an important
part in determining antifungal activity. Chelation increases lipophi-
licity, which favours the penetration of MOFs into the lipid

Fig. 12 Antibacterial activity of Cu MOFs, core–shell MOFs and PEG@core shell MOFs.
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membranes of microorganisms. This penetration disrupts the
respiration process and arrests protein synthesis, which is an
essential requirement for the growth of microorganisms. Thus,
50% PEG@core–shell MOF of Cu-MOF-2@HKUST-1 disturbed the
metabolic pathways in cells which, ultimately, resulted in cell death.

The antifungal inactivity of all other MOFs may have been due
to the impermeability of microorganism cells or a difference in the
ribosomes of these cells. The low lipid solubility of metal ions
prevents the metal reaching the site of action of the fungal cell wall
to interfere with the metabolic process of the cell. Thus, metal ions
have a decisive role in determining antifungal activity.

PEGylation was responsible for the enhanced antifungal
activity of 50% PEG@Cu-MOF-2@HKUST-1. As the concen-
tration of PEG increased from 10% to 50%, more –OH groups
in PEG became available for sharing of the positive charge of
metal ions upon chelation. Antifungal activity was also depen-
dent upon the ability of a PEGylated MOF to release copper ions
from its own structure which, in turn, bind to the cell wall of
the fungus to disturb the transport of nutrients and obstruct
intracellular enzymes.

6. Conclusions

A new strategy of PEGylating a shell over a core–shell MOF was
introduced, for the first time, via a solvothermal method. This was a
highly practical approach to prevent the agglomeration of core–shell
MOFs. PEGylation further improved the physicomechanical and
biological properties of the as-synthesised double-shelled core MOFs
PEG@HKUST-1@CuMOF-2 and PEG@CuMOF-2@HKUST-1. The
bonding characteristics and crystallinity of compounds were identi-
fied by FTIR spectroscopy and PXRD analysis. The chemical struc-
ture and composition of MOFs were determined from XPS and
EDAX spectroscopy. SEM and TEM confirmed the formation of
PEGylated core–shell MOFs and retention of the morphology of the
parent core structure. There was a decrease in size of particles,

which indicated the capping effect of PEGylation. A rigid framework
structure was observed for PEG@CuMOF-2@HKUST-1, which
reflected the thermal stability. Surface modification by PEG
improved the surface characteristics, such as surface area and pore
parameters which, in turn, reflected in the biological properties. The
improved in vitro antibacterial and antifungal properties of the
PEGylated system showed the importance of developing a hybrid
double-shell–core system to tackle future medical emergencies.
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