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Abstract. During the past two decades, the supramolecular conjugates of calixarenes have turned intriguing
to the researchers due to their versatility in functionalization and applications spanning across various ﬁelds,
such as chemical, biological and materials sciences. Though several review articles discuss host-guest and
other functional aspects of the supramolecular conjugates of calixarenes, there is no such article that consolidates the role of the conjugates in the context of cell science. In this article, we focus on the utility of such
conjugates in the biological cells as studied primarily using microscopy techniques that include endeavours
emerging from our research group. Therefore, this will assist researchers working in this area in order to
understand the microscopy aspects of calixarene based supramolecular conjugates inside the biological cells
and thereby support the design of newer conjugates planned to target a speciﬁc purpose. Thus, this article
focuses on the aspects, such as drug loading and bactericidal activity, gene transfer, selective ion sensing, and
cell imaging by localizing in mitochondria, cytosol or Golgi apparatus, i.e., in any one of the subcellular
components.
Keywords. Conjugates of calixarene; morphological features; microscopy; biological cells; AFM; SEM;
LSM.

1. Introduction
Calixarenes are well-known to form supramolecular
scaffolds exhibiting fascinating micro-and nanostructural architectures.1–11 The architectural changes
occur when these conjugates interact with the guest
species, such as cations, anions, amino acids, aromatic
species and several others.1–25 The calixarene conjugates functionalized with various ﬂuorophores result in
distinct emission signal that helps in the detection and
sensing of ions, molecules, analytes and other species.
Based on the nature of the interaction with the guest
species, the emission signal can be either enhanced or
quenched, and these changes stand as evidence for the
interaction and or binding. The emission signal is
further manifested in constructing the supramolecular
features in ﬂuorescence microscopy. The changes in
the emission signal could occur due to any of the
following, viz., photoinduced electron transfer (PET),
Fluorescence (Förster) resonance energy transfer
(FRET), excimer/exciplex formation, photoinduced
*For correspondence

charge transfer (PCT), and the like.26 Therefore, the
presence and localization of the probe in the biological
cells have been studied using ﬂuorescence
microscopy.29–33 On the other hand, the internalization
of the calixarene based probes in bacterial cells has
been studied by other types of microscopy techniques,
such as atomic force microscopy (AFM) and scanning
electron microscopy (SEM). Herein, we discuss the
signiﬁcance and future aspects of such microscopybased studies reported in the literature regarding a few
selected supramolecular conjugates of calixarenes in
the case of biological cells.
1.1 Conjugate design
Calixarene conjugates are widely employed mainly
due to their ease of attachment with any functional
group which endows the conjugate with a speciﬁc
function it is intended for. Several ﬂuorescent moieties
were used in the literature to generate emissive probes.
Attachment of such moieties to the calixarene conjugates exhibit the additional beneﬁt of alleviating the
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emission due to the presence of an aromatic core as
compared to the presence of a simple ﬂuorescent
probe. These probes can be attached to the lower rim
or the upper rim of calixarene using organic derivatization methodologies. In few cases, the moieties were
free to interact with the calixarene conjugates by hostguest interaction. The conjugates possessing ﬂuorescent moieties, such as coumarin, spiroindoline,
nitrobenzoxadiazole (NBD), ﬂuorescein isothiocyanate (FITC), isophorone, naphthyl-1,8-diphenyl
pyridinium derivative-Nile Blue are reported in the
literature and all of these are dealt in this article.
However, the functionalization with moieties possessing ionic or hydrophilic groups, such as quaternary
ammonium, guanidinium, sulphonato groups is
expected to enhance the water solubility of the calixarene conjugates. For the utilization of the calixarenes as bioprobes or in cell imaging, bi- or multifunctionalization of the calixarene platform has
become essential.

2. Detailed discussions on microscopy applications
The use of calixarene based probes in theranostics has
been attracting many researchers recently. Microscopy
has been a major tool in these studies to see and detect
the changes due to the presence of the calixarene
conjugate in the biological cells as well as in the
bacteria. Both the normal ﬂuorescence microscopy and
the confocal laser scanning microscopy (CLSM) are
essentially useful in cellular studies when the ﬂuorescent probes are used. Due to the ease of functionalization, the conjugates of calix[4]arenes have been
tagged with ﬂuorescent probes as reported recently in
the literature including those from our group. Due to
such tagging of the conjugates, the location of these
inside the cells can be easily tracked based on their
ﬂuorescence emission. Schematic structures of such
conjugates reported in the literature are given in Figure 1. Using various conjugates, different applications
ranging from drug loading and bactericidal activity,
genetic engineering, ion sensing and cell imaging by
localizing in a speciﬁc subcellular component, were
demonstrated in this article.
Gold nanoparticles were synthesized in the presence
of calix[6]arene [C6] and calix[8]arene [C8] wherein
the OH groups of the lower rim stabilizes the formation of gold nanoparticles (AuNPs).27 The AFM
revealed spherical but poly-dispersed morphology
with size ranging from 5 to 60 nm for the corresponding AuNPs. These nanoparticles were studied for
their antibacterial activity towards E. coli and S.
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aureus strains using AFM. The untreated bacterial
strains demonstrated regular and smooth morphology
of the cells. Upon treatment with the [C6] and
AuC6NPs, the membrane ruptures and the cell
degradation was observed. The extent of damage was
more in the case of calix[6]arene supported nanoparticles, viz., C6AuNPs as compared to the simple [C6].
Damage to the membrane occurs due to the binding
and internalization of C6AuNPs to the cells. This
causes the leakage of intracellular components
resulting in the lysis of the cells. This has been supported by the observed increase in the roughness in
AFM after treating with the gold nanoparticles and the
same can be noticed from Figure 2. Thus, this study
points out the effectiveness of the calixarene stabilized
gold nanoparticles as potential antimicrobial agents.
While this is an illustration for the internalization of
calix-bound AuNPs into biological cells, the drug
storage and its bactericidal activity have been
demonstrated using a p-sulfonatocalix[6]arene
derivative containing dodecyl chains, P1.
Self-assembly of a p-sulfonatocalix[6]arene derivative containing dodecyl chains (P1) at the lower rim
was studied in the presence of drug clarithromycin and
ﬂuorescein isothiocyanate (FITC) as model
hydrophobic molecules in water.28 The P1 forms selfassembling nanostructures in the presence of the drug
and these turn into ﬁbre-like structures as understood
from SEM and AFM data are given in Figure 3a,b. The
size of the drug-loaded nanostructures was
(136.45 ± 2.41) nm. The nanostructures exhibit a
negative surface charge of (-49.93 ± 0.35) mV due
to the presence of sulfonate groups. The encapsulation
of FITC in the nanoparticles was conﬁrmed from ﬂuorescence microscopy studies as given in Figure 3c.
These nanostructures were polydisperse in nature due
to the non-homogenous drug loading. The bactericidal
potential of the drug-loaded nanostructures was studied with both sensitive and resistant strains of S.
pneumonia through the observation of cell morphology as per the AFM data given in Figure 3d, e, f. Both
the strains showed round cell morphology which was
damaged in the presence of clarithromycin alone
without affecting the size of the colony. Whereas, in
the presence of the drug-loaded nanostructures, the
bacterial cells were completely destroyed showing
molten mass along with the disappearance of the
bacterial colony as can be noticed from Figure 3. This
study demonstrates the effective loading of drug in the
formation of self-assembling nanostructures and their
effective bactericidal potential.
In order to transport a gene and transfect the cell, a
bi-functional calixarene is essential as this kind of
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Figure 1. Schematic structures of the supramolecular conjugates of calixarene used for microscopy studies in the
biological cells. P1 (Ref. No.28); P2 (Ref. No. 29), P3 (Ref. No. 30); P4 (Ref. No. 31); P5 (Ref. No. 32); P6 (Ref. No. 33); P7
(Ref. No. 34).

Figure 2. Atomic force microscopy (AFM) analysis of AuNPs: topographical images of (a) AuC6NPs. AFM images of E.
coli. (b) Control (c) [C6] treated E. coli (d) AuC6NPs treated E. coli. The scale bar is 0.25 lm in (a) and 1 lm in (b), (c) and
(d).

activity requires one type of group to condense the gene
and the other type to provide a probe to locate these
inside the cell. Therefore, a bifunctional conjugate of
calix[4]arene (P2) has been designed wherein a coumarin functionalization was used as a ﬂuorescent probe
and the guanidinium moiety was appended to extend
interactions with the plasmid and condense the DNA.29
From the tapping mode AFM studies, the condensation
of the circular plasmid pBR322 was observed in the
presence of P2 and the same can be noticed from Figure 4. With increasing concentration of P2, open-chain
to blob-like structural transformation was observed in
the AFM. The P2 was also utilized for the transfection
with the pCMV-tdTomato-N1 plasmid DNA inside the
MCF7 cells. The cells were transfected with the DNA

and the red ﬂuorescence of the encoded protein was
observed based on the confocal imaging. The blue
ﬂuorescence emission due to the coumarin moiety
present in P2 along with the red ﬂuorescence of the
generated protein was supported by the data given in
Figure 5. This further supports the successful internalization of P2 along with the plasmid inside the MCF7
cells. All this is reﬂected in the observed increase in the
ﬂuorescence intensity as a function of the concentration
of P2 taken in the sample. Thus, the P2 acts as a gene
transfer agent and will have utility in genetic
engineering.
In order to track the cancerous tissue, imaging the
cancer cell is the ﬁrst step. For this, a conjugate of
calixarene has been engineered to take into the cell for
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Figure 3. Morphological analysis of drug-loaded self-assembled nanostructures through (a) SEM (Scale bar: 1 lm) and
(b) AFM (scale bar: 2.5 lm). (c) Fluorescence microscope study (scale bar: 10 lm) of FITC encapsulated into selfassembled nanostructures. Surface morphological analysis of S. pneumonia sensitive strain after incubation: (d) without test
sample, (e) with clarithromycin and (f) with clarithromycin loaded self-assembled nanostructures. The scale bar is 1 lm in
(d), (e) and (f).

Figure 4. Tapping mode AFM micrographs of the mixtures of pBR322 and different concentrations (in lM) of P2: (a) 0
(only pBR322), (b) 0.5 and (c) 5. All at 2 9 2 lm2 scan.

providing a ﬂuorescent image. For this, a spiro-indoline derivatized 1,3-lower rim conjugate of calix[4]arene (P3) was synthesized and employed for the
binding and complexation with Cu2?.30 The Cu2? is
bound by two triazole ‘N’ and two phenolic ‘O’ providing a distorted tetrahedral geometry about the metal
center.30 From the cancer cell imaging study, it was
observed that P3 shows red ﬂuorescence owing to the
presence of the spiro-indoline moiety. When the same
studies were carried out in the presence of the mitotracker green, merging of red and green ﬂuorescence
produces a yellow signal was observed as can be
noticed from Figure 6. The co-localization study produced an overlap integral of 0.9 supporting the

accumulation of P3 at the mitochondria selectively in
the cancer cell.
An appropriately designed conjugate of calixarene
can be used to sense ﬂuoride in cancer cells. A
nitrobenzooxadiazole (NBD) moiety that is ﬂuorescent
and can interact with ﬂuoride ion has been conjugated
to 1,3- positions of the lower rim of calix[4]arene, P4.
The P4 was synthesized and investigated for its anion
binding studies.31 From the computational and NMR
studies, it is understood that the P4 interacts with F- via
hydrogen bonding formed through the N-H groups.
Sensing studies of F- by P4 in HeLa cells resulted in
the quenching of the green ﬂuorescence and the extent
of quenching depended on the increasing
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Figure 5. Transfection of pCMV-tdTomato-N1 plasmid using different concentrations of P2 in MCF-7 cells: (a, d, g) are
in presence of P2 inside the cells (coumarin moiety of P2 is responsible for blue ﬂuorescence). (b, e, h) are the expressions
of red ﬂuorescent protein from pCMV-tdTomato-N1 plasmid. (c, f, i) corresponds to co-localization of P2 and the RFP
throughout the cell. (j) The P2 to plasmid ratio taken in each experiment is shown on the right side and plotted against the
ﬂuorescence intensity expressed by RFP in the cells. The error bar is shown in each case after performing each experiment
thrice.

Figure 6. Confocal micrographs of MDA-MB231 cells untreated (control) and treated with P3 according to the labels
given. Scale bar is 10 lm in all the cases.

concentration of F- added, supporting the internalization of P4 by these cells (Figure 7).
As the neurodegenerative disorders are dominant
with the presence of Al3? ion in tissue, there is a dire
need for sensing of this ion. When the same NBD
moiety used in the intracellular ﬂuoride demonstration
was appended to a cyclic core at the lower rim of
calix[4]arene (P5), the resulting conjugate is capable

of sensing trivalent metal ions. The P5 was synthesized
and demonstrated for its metal ion binding.32 In the
presence of Al3?, Cr3? and Fe3?, turn-on ﬂuorescence
enhancement of P5 was observed in solution. From the
DFT studies, it was noticed that these M3? ions bind to
P5 through a MO6 binding core that resulted in a
distorted octahedral geometry. The ﬂuorescence
enhancement of the P5 in the presence of M3? was
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Figure 7. Confocal microscopy images of HeLa cells: (a) cells without treatment; (b) cells treated with P4; (c) cells
incubated with ﬂuoride after treatment of P4. The blue color represents nuclei stained with DAPI, green color represents P4.
The scale bar for all confocal microscopy images in (a) to (c) is 10 lm.

also investigated in MCF7 cells. This showed a 4-fold
ﬂuorescence enhancement of P5 in the presence of
Al3? supporting the internalization of P5 by MCF7
cells as per the data given in Figure 8. Thus, the P5 is
effective in sensing Al3? in cancer cells as the studies
were demonstrated using MCF7 cells.

When the same NBD moiety was attached at the
lower rim as mono-derivative to an upper rim tetracationic {(-NH3?)4} calix[4]arene, the resulting
conjugate acquires both the properties, viz., aqueous
solubility as well as cell imaging capability. Thus, a
water-soluble ﬂuorescent probe of calix[4]arene

Figure 8. Fluorescence microscopy images of MCF7 cells: (a to c) treated with P5 (50 lM); (d–f) treated with 250 lM of
Al3? to P5. (g) Histogram showing the ﬂuorescence intensity of P5 and {P5?Al3?}-treated MCF7 cells. In (g) the P5 is
given as L.
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possessing mono- nitrobenzofurazan at lower rim and
tetraamino group at the upper rim (P6) has been
studied for the cellular uptake based on confocal
microscopy as per the data shown in Figure 9 for its
suitability and viability as cell imaging probe.33 As the
cellular uptake of P6 was not inhibited in the presence
of ﬁlipin, the internalization of P6 does not follow
caveolae-linked endocytosis or lipid-raft processes.33
Even the presence of either the sucrose or b-CD does
not inhibit the uptake. Co-localization study with antiC-C chemokine receptor type 5(CCR5) IgG counter
stain showed that the P6 is localized in the cytoplasm.
The divalent Zn2? plays an important role in cell
biology and physiology. Therefore, selective sensing
of Zn2? in the presence of several other divalent ions
inside the cell is a challenging task and such task can
be fulﬁlled with a properly designed conjugate of
calix[4]arene with both the ﬂuorescent tag as well as
the selective binding core. Thus a calix[4]arene conjugate derivatized with two isophorone moieties
through a 4-bromophenol linker (P7) has been synthesized and was shown to be selective towards Zn2?
among a series of metal ions studied.34 The 1H-NMR
titration spectra supported the binding of Zn2? by the
phenolate, imine and carbonyl groups. Incubation of
human colon cells, DDL-1 with P7 showed no ﬂuorescence emission, but the same in the presence of
Zn2? ions showed strong red ﬂuorescence as can be
noticed from the data given in Figure 10. This
demonstrated the cell permeability and the detection of
the intracellular Zn2? by P7.
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A conjugate similar to P1, but on a calix[4]arene
platform instead of calix[6]arene platform, can be
tuned to a light-harvesting complex mimicking those
in the photosynthesis process. However, the same
complex targets the Golgi apparatus inside the cell and
provides imaging. Thus, an artiﬁcial supramolecular
light-harvesting system was developed by the coassembly of naphthyl-1,8-diphenyl pyridinium
derivative (NPS) and lower-rim dodecyl-modiﬁed
sulfonato-calix[4]arene (SC4AD) leading to aggregation-induced enhanced emission (AIEE).35 This is
manifested due to the ionic interactions present
between the cationic NPS and the anionic SC4AD.
The incorporation of Nile blue (NiB) turned this lightharvesting system into NIR emissive where NPS acts
as a donor and NiB acts as an acceptor with the
emission maximum of 650-700 nm. After the formation of the nanoparticles of the co-assembly between
NPS and the SC4AD, the weak ﬂuorescence of NPS is
signiﬁcantly enhanced due to AIEE along with a blue
shift, while the V-shape of NPS moiety prevents the
p…p stacking. The critical aggregation concentration
(CAC) value of NPS in the co-assembly was
0.0066 mM in the presence of 0.008 mM of SC4AD.
The size of the co-assemblies was 130 nm based on
DLS data and this was supported by the SEM which
also showed similar-sized nanoparticles. From TEM,
the vesicles of 120 nm were observed for the coassembly. The light-harvesting property of the NPSSC4AD-NiB system was studied in the live cells
showing strong red ﬂuorescence when excited at the

Figure 9. Colocalization studies of P6 (15 mM) and anti CCR5 receptor IgG (HEK/1/85a/7a) counterstained in CHO
cells: (a) P6, (b) HEK/1/85a/7a, (c) overlay of P6 and HEK/1/85a/7a, and (d) preincubation with ﬁlipin, (e) sucrose, and
(f) b-cyclodextrin. Arrows indicate receptor in membrane.
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Figure 10. Fluorescence, bright-ﬁeld and overlay imaging of DDL-1 cells. (a) DDL-1 cells were incubated with 5.0 lM of
P7, (b) upon addition of 5.0 lM Zn2?.

donor’s absorption k of 405 nm. Co-staining the PC3
cells with the green-emitting Golgi staining compound, viz., NBD-C6-ceramide, resulted in the merging of red ﬂuorescence with that of the green
ﬂuorescence of the stain, as can be noticed from Figure 11. All this demonstrated that the composite, viz.,
NPS-SC4AD-NiB targets the Golgi apparatus and
thereby provides the imaging.
3. Conclusions and comparisons
Owing to the nature of the ﬂuorophore, calixarene
conjugates give different emission signals resulting in
different colours in the micrographs. This makes it
easier to detect the presence of these conjugates in the
biological cells, in addition, to be able to quantitatively detect them. Owing to this, the conjugates have
been employed for elucidating pathways, in sensing

ions, in delivering drugs, in gene transfer, in cell
imaging and as bactericidal agents. All of these studies
are an extension of the supramolecular calixarene
conjugates as emissive probes.26 Presence of the calixarene conjugates in bacterial cells can also be
detected using other microscopy techniques such as
SEM and AFM.
Conjugation of ﬂuorescent moieties to the calixarene platform results in different applications.
Some of these include, (i) introducing multivalency to
increase the emissive outcome, (ii) introducing
bifunctionality so that one will act as a ﬂuorescent
probe while the other will provide binding or interaction sites (e.g., guanidinium group in the P2 helps in
DNA binding) and or increase the aqueous solubility
of the conjugates (e.g., tetraamino group in P6 helps to
increase water solubility and cellular uptake), (iii)
introducing multiple ﬂuorescent probes not only provide ion binding core but also modify the emissive

Figure 11. Laser scanning confocal images of NPS-SC4AD-NiB in PC-3 cells at (a) Ex. 405 nm, Em. 650–710 nm,
(b) Ex. 630 nm, Em. 650–710 nm ([NPS] = 2 910-5 M, [SC4AD] = 8910-6 M, [NiB] = 8910-8 M). Laser scanning confocal
images of PC-3 cells co-stained with NPS-SC4AD-NiB ([NPS] = 2 910-5 M, [SC4AD] = 8910-6 M, [NiB] = 8910-8 M)
and NBD C6-Ceramide (5910-6 M) for 4 h. (c) Ex. 405 nm, Em. 510–570 nm, (d) Ex. 405 nm, Em. 650–710 nm.
(e) Merged image of (c) and (d). The scale bar in all the ﬁgures is 20 lm.
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nature of the complex as compared to the simple
conjugate (P3, P4, P5, P7), (iv) use of some of the
ﬂuorescent probes in detecting the self-assembly and
or aggregation (e.g., FITC in the case of P1 and
naphthyl-1,8-diphenyl pyridinium derivative-Nile
Blue combination with SC4AD).
To study the interactions of the calixarene moieties
as ﬂuorescent probes and as sensors for different guest
species, spectroscopy techniques have been mostly
employed. These studies elucidated the quantitative
strength of such interactions. The microscopy-based
studies resulted in visual detection of these changes.
The focal points of this article are given here in a
comparative manner (Figure 12).
(a) Calix[6]arene and calix[8]arene stabilized gold
nanoparticles have been employed as antimicrobial
agents and the effect of these hybrid nanoparticles
on E.coli have been studied by AFM. The AuC6NPs
showed stronger potency than the AuC8NPs.
(b) Clarithromycin and FITC loaded self-assembled
structures of P1 have been utilized for bactericidal
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studies which have been visualized by microscopy
showing changes in cell morphology. Round cell
morphology of the bacteria is damaged in the
presence of clarithromycin alone while in presence
of drug-loaded nanostructures, the bacterial colony
is destroyed.
(c) Lead points from the microscopy studies in biological
cells: (i) The P2 acts as a vehicle to deliver pCMVtdTomato-N1 plasmid in MCF7 cells and the resultant protein gives red ﬂuorescent emission, while P2
itself shows blue ﬂuorescence due to the presence of
coumarin conjugate. (ii) In MDA-MB231 cells, the
co-localization of the red ﬂuorescence of P3 and the
green-ﬂuorescence of the mito-tracker green at the
mitochondria resulted in overlapped yellow-orange
colour as one would expect due to the merging. (iii)
The sensing of F- by P4 inside HeLa cells is
demonstrated by the quenching of its green ﬂuorescence while the ﬂuorescence of P5 and P7 were
enhanced in the presence of Al3? and Zn2?,

Figure 12. Microscopy images of the conjugates of calixarene inside biological cells.
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respectively inside the MCF7 and DDL-1 cells as
observed based on the microscopy data.

4. Current challenges and future perspectives
Some of the challenges faced during measuring and or
interpreting the microscopy data and their remedial
measures are as follows: (i) The stability of the ﬂuorophore under the laser light is important as the
bleaching would affect the microscopy results and
thereby the reproducibility. To overcome this, the
stability study of the conjugates have to be performed
and the probes are to be derivatized accordingly to
improve their stability. It is understood that increase in
the rigidity of the structure would enhance the photostability. Such factors have been reviewed recently
in the literature.36 (ii) In order to get intense and
resolved images, greater internalization of the probe is
necessary and currently, this limits the study in several
cases. It is known that the cellular uptake depends on
the aqueous solubility of the probe and further on the
presence of moieties which are recognized by the
receptors present on the cell surface. Therefore,
introducing these factors into the design of probes will
resolve the issues raised in this regard. (iii) Resolution
of a broad emission spectrum resulting from the
overlap of different wavelengths limits the microscopy
images with blurring and this needs to be addressed
based on the heterogeneity present in the excited state.
Therefore, it is important to use functional moieties
having emission at varied wavelengths and further that
they do not contribute much to the dynamic ﬂexibility
in the excited state. (iv) The low water solubility of the
calixarene conjugates limits their study under biological conditions, and this poses a synthetic challenge to
chemists to derivatize with suitable moieties for
improving their water solubility. Functionalization
with moieties possessing ionic or hydrophilic groups,
such as quaternary ammonium, guanidinium and sulphonato groups will enhance the water solubility of the
calixarene conjugates. So, for utilization of the calixarenes as bioprobes or in cell imaging, bi- or multifunctionalization on the calix[4]arene platform is
essential.
Thus this article brings out several facets of the
derivatizations on the calixarene platform, in particular calix[4]arene platform, and their consequential
inﬂuences on application-related aspects, such as drug
loading and bactericidal activity, gene transfer, selective ion sensing and cell imaging by speciﬁc subcellular localization on a comparative manner. These
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were addressed for the beneﬁt of the researchers to
move forward with a positive slope in this fascinating
area of science at the interface of supramolecules and
biological system by using their supramolecular
design capabilities.
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Rodler F, Schade B, Jäger C M, Backes S, Hampel F,
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