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Fabrication of self-assembled peptidomimetic
microspheres and hydrogen peroxide responsive
release of nicotinamide†

Suman Kumar Maity, Santu Bera, Arpita Paikar, Apurba Pramanik
and Debasish Haldar*

The self-assembly of peptidomimetic compounds containing urea and dipicolinic acid was studied to

develop a targeted drug delivery vehicle using hydrogen peroxide as a stimulus. Peptidomimetic com-

pound 1 capped with N,N′-dicyclohexylurea mimicked a peptide turn structure, while compound 2

adopted a rigid planar structure through intramolecular N–H⋯O and N–H⋯N hydrogen bonding interac-

tions. The AFM and FE-SEM images revealed that peptidomimetic compound 1 formed microspheres,

whereas compound 2 formed a tape-like structure. These microspheres were loaded with the anticancer

drug nicotinamide. The microspheres disassembled in the presence of hydrogen peroxide. Hydrogen

peroxide ruptured the microspheres composed of peptidomimetic compound 1, thereby enhancing the

proportional release of the loaded drug molecules. The reported peptidomimetic microspheres hold

future prospects for use as targeted drug delivery vehicles for cancer cells with high levels of H2O2.
Introduction

Stimuli responsive intelligent vehicles1 are of great research
interest in targeted drug delivery and self-healing materials.2

Various stimuli such as pH,3 ionic strength,4 light,5

enzymes,6 magnetic fields,7 ultrasound,8 electrostatic interac-
tions,9 and temperature10 are commonly used for targeted
drug release. In recent years biologically available substrates
have been used as external stimuli for controlled and local-
ized drug delivery, for example, glucose triggered insulin
delivery11 and glutathione triggered anticancer drug doxoru-
bicin delivery.12 Hydrogen peroxide is a major reactive oxygen
species (ROS) in living organisms, and its equilibrium can
have diverse physiological and pathological consequences.
The mammalian cells produce hydrogen peroxide (H2O2) to
mediate diverse physiological responses such as cell prolifera-
tion, differentiation, and migration.13 There is much emerging
evidence which supports that hydrogen peroxide acts as a
second messenger in cellular signal transduction14 and a
killing agent released by the immune cells.15 But the abnor-
mal production of hydrogen peroxide leads to several physio-
logical hazards such as oxidative stress, damage events
associated with aging and severe pathologies such as
cancer.16 Szatrowski and Nathan have established that the
human tumor cells produce large amounts of hydrogen per-
oxide (250 μM in monocytes).17 Sobotta and co-workers have
used physiologically relevant H2O2 concentrations (300 nM to
10 μM) over a physiological time span (up to 24 h) and com-
pared the impacts of continuous low-dose and one-time high-
dose treatments.16h The abnormal accumulation of hydrogen
peroxide resulted in oxidative stress which leads to inflamma-
tion in tissues (tumor cells) and distinguishes from healthy
tissue from tumor cells. Hence hydrogen peroxide can act as
a potential stimulus for targeted anticancer drug delivery.
Recently there have been a few reports on hydrogen peroxide
triggered18 delivery of therapeutic substrates via nano-
particles. However, use of the microsphere matrix as a carrier
for therapeutic substrates has several advantages over the
other delivery systems.19 The therapeutic substrates can be
dispersed into the core or adsorbed on the surface of the
solid macrospheres.20

The chemo- and radio-sensitizing agent nicotinamide
enhances the tumor blood flow and reduces tumor hypoxia.
Niacinamide inhibits poly(ADP-ribose) polymerases (PARP-1),
enzymes involved in the rejoining of DNA strand breaks
induced by radiation or chemotherapy. Nicotinamide is also
used to prevent immunosuppression caused by UVA and UVB
, 2014, 16, 2527–2534 | 2527
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Fig. 2 DLS studies of the peptidomimetic compound 1 self-assembly
in methanol–water solution at a concentration of 0.5 mg mL−1.

Fig. 3 (a and b) AFM images of compound 1 showing the polydisperse
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View Article Online
radiation.21 However, nicotinamide may be toxic to the liver
at doses exceeding 3 g per day for adults.22 Hence, targeted
delivery of the drug is highly recommended.

Recently we have reported the fabrication of mesoporous
vesicles from a self-assembled peptide as a drug cargo and a
supramolecular double helix capped with Boc and N,N′-
dicyclohexylurea as a drug carrier.23 Herein we report the for-
mation of microspheres by self-assembly of peptidomimetic
compound 1 containing dipicolinic acid and two N,N′-dicyclo-
hexylurea molecules. X-ray crystallography revealed that com-
pound 1 self-assembled to form a supramolecular single
helical architecture, whereas compound 2 containing
dipicolinic acid and urea self-assembled to form a sheet-like
structure. Peptidomimetic compound 1 formed microspheres
with diameters ranging from 0.5 μm to 2 μm from the corre-
sponding methanol–water (19 : 1) solution. Hydrogen perox-
ide ruptured the microspheres composed of peptidomimetic
compound 1. The microspheres were successfully loaded
with nicotinamide (also referred to as vitamin B3). Hence,
hydrogen peroxide can act as a trigger for the targeted and
directly proportional release of the loaded drug from the
peptidomimetic microspheres.

Results and discussion

The compounds were designed to mimic the regular turn
structure of a tripeptide. Peptidomimetic compounds 1 and 2
containing dipicolinic acid, N,N′-dicyclohexylurea and urea were
synthesized by a conventional solution phase methodology,
purified, characterized and studied (Fig. 1). The purpose of
incorporating N,N′-dicyclohexylurea in the reported com-
pounds is to increase intermolecular hydrogen bonding inter-
actions as observed in other urea derivatives and also to
enhance the hydrophobicity and crystallinity.

To assess the formation of the self-assembled material,
dynamic light scattering (DLS) experiments of peptidomimetic
compound 1 were performed. DLS is a rapid scanning
method used to identify nanostructures by size distribution.
The DLS study shows that peptidomimetic compound 1
forms polydisperse particles with diameters ranging from 0.5
to 2 μm (Fig. 2) in methanol–water solution.

The morphology of the reported self-assembled peptidomimetic
compounds was studied by atomic force microscopy. The
2528 | CrystEngComm, 2014, 16, 2527–2534

Fig. 1 The schematic presentation of the reported peptidomimetic
compounds 1 and 2.
solution of the reported compounds in methanol–water
(19 : 1) (0.5 mg mL−1) was drop-casted on a microscopic glass
coverslip, dried under vacuum at 30 °C for 2 days and investi-
gated by AFM. Fig. 3a and b show the polydisperse spherical
morphology of compound 1 with diameters ranging from
0.5 μm to 2 μm. The AFM images of compound 2 revealed
that the compound adopted a tape-like morphology with a
diameter of ca. 200 nm (ESI,† Fig. S1a).

The morphology of peptidomimetic compound 1 was fur-
ther studied by field emission scanning electron microscopy
(FE-SEM). FE-SEM images of peptidomimetic compound 1
(Fig. 4a and b) showed the formation of polydisperse micro-
spheres from methanol–water (19 : 1) solution (0.5 mg mL−1).

Hydrogen peroxide can alter the tight junction composed
of proteins and peptides. To investigate the effect of H2O2 on
the peptidomimetic microspheres, the microspheres of com-
pound 1 were incubated with H2O2. The morphological
change of the microspheres after incubation with 1 mM
H2O2 for 5 minutes was studied by AFM and FE-SEM. From
This journal is © The Royal Society of Chemistry 2014

spherical morphology.

Fig. 4 (a) and (b) FE-SEM images of compound 1 exhibit the formation
of polydisperse microspheres.
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Fig. 5 (a) AFM images of compound 1 microspheres after incubation
with H2O2. H2O2 disrupted the microspheres. (b) Topographic view along
the z-axis. (c) Height profile plot of disrupted microspheres (blue line
marked in a). (d) FE-SEM images of disrupted microspheres by H2O2.

Fig. 6 (a) The schematic presentation of a 10-membered β-turn.
(b) Ball-and-stick model of a 12-membered unusual turn structure of
peptidomimetic compound 1. Cyclohexyl groups of compound 1 here
appear as pink spheres for clarity. (c) Solid state conformation of com-
pound 2. The intramolecular hydrogen bonds are shown as dotted
lines.

Fig. 7 Ball-and-stick model of the (a) side view and (b) top view of a
supramolecular helix obtained from compound 1. Intramolecular
hydrogen bonds are shown as dotted lines.
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the AFM images it is clear that the spherical morphology of
the reported compound 1 was disrupted by H2O2 (Fig. 5a, b).
The height profile plot (Fig. 5c) of the microspheres (blue
line marked in Fig. 5a) indicates that the surface is very
rough. The FE-SEM image also exhibits the disrupted struc-
tures (Fig. 5d). There is no chemical change on compound 1
when treated with H2O2. The NMR spectrum of the reported
compound after stirring with 50 mmol H2O2 for 48 hours
remains almost the same as those of the as-synthesized com-
pounds (ESI,† Fig. S2). Hence, we can conclude that hydrogen
peroxide helps to alter the tight junction composed of the
peptidomimetic compound in the microspheres.

The structures of the reported compounds 1 and 2 were
also studied by a single crystal X-ray diffraction experiment.
A colourless orthorhombic crystal of compound 1 was obtained
from ethyl acetate–hexane solution by slow evaporation.24

The reported compound 1 crystallized with two molecules
in the asymmetric unit (ESI,† Fig. S3). From the crystal
structure it is evident that peptidomimetic compound 1
adopted a 12-membered unusual turn structure (Fig. 6b). A
colourless monoclinic crystal of compound 2 was obtained
from ethyl acetate solution by slow evaporation. The solid
state conformation of compound 2 revealed that it adopted a
rigid planar structure through intramolecular N–H⋯O and
N–H⋯N hydrogen bonding interactions. From Fig. 6c, it
is evident that there exist a six-membered intramolecular
hydrogen bond between dipicolinic acid CO and urea NH
(N1–H1B⋯O2) and a five-membered intramolecular hydrogen
bond between dipicolinic acid N and urea NH (N2–H2⋯N3).

Moreover, the individual turn-like molecules A and B of
compound 1 are themselves regularly inter-linked one atop
another through intermolecular hydrogen bonding interac-
tions (N10–H10⋯O2 and N5–H5⋯O5), thereby forming a
supramolecular helical structure along the crystallographic a
This journal is © The Royal Society of Chemistry 2014
direction (Fig. 7). However, in higher order packing, com-
pound 2 molecules are interlinked via intermolecular hydro-
gen bonding interactions (N1–H1A⋯O1 and N1–H1B⋯O2) to
form a sheet-like structure along the crystallographic c axis
(ESI,† Fig. S4). The hydrogen bonding parameters of com-
pounds 1 and 2 are listed in Table 1.

Previous reports have suggested that the peptidic micro-
spheres have advantages as drug carriers due to their bio-
compatibility and responsive release.25 We tried to load an
anti-inflammatory and anticancer drug, niacinamide, with
CrystEngComm, 2014, 16, 2527–2534 | 2529
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Table 1 Hydrogen bonding parameters of compounds 1 and 2a

D–H⋯A H⋯A (Å) D⋯A (Å) D–H⋯A (°)

Comp. 1 N7–H7⋯O8 2.35 2.96 129
N5–H5⋯O5d 2.06 2.89 166
N10–H10⋯O2n 1.96 2.82 176

Comp. 2 N1–H1B⋯O2 2.07 2.72 132
N1–H1B⋯O2b 2.50 2.95 114
N1–H1A⋯O1e 2.02 2.87 176
N2–H2⋯N3 2.17 2.62 112

a Symmetry equivalent positions: d = −x, 1/2 + y, 1/2 − z; n = 1/2 − x,
1 − y, −1/2 + z; b = 1 − x, 1 − y, 1 − z; e = 1 − x, 1 − y, 2 − z.

Fig. 8 (a) Emission spectra of compound 1 with increasing
concentration of nicotinamide. The excitation wavelength is 270 nm
(compound 1 concentration is 1.5 × 10−4 M and nicotinamide
concentration is 1.6 × 10−3 M). (b) Absorption spectra of the total drug
and the unbound drug after drug loading with compound 1
microspheres.

Fig. 9 FE-SEM images of drug loaded microspheres of compound 1.
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the reported microspheres. From the crystal structure of nico-
tinamide26 it is evident that the length of the two longest
points of the nicotinamide molecule is 6.791 Å. Hence nico-
tinamide can be loaded into the pores obtained by self-
assembly of the reported peptidomimetic compound 1.

The drug binding efficacy of the microspheres obtained
from methanol–water solution of the peptidomimetic com-
pounds was studied by absorption and emission spectros-
copy. Compound 2 was not loaded with nicotinamide in
methanol–water solution. The fluorescence spectra of com-
pound 1 show that with increasing concentration of nicotin-
amide, the fluorescence intensity decreases (Fig. 8a). In
Fig. 8a, the fluorescence emission is from the reported
peptidomimetic compound. In 2.5 mL solution of the
reported compound in methanol, 10 μL aliquots of nicotin-
amide solution in methanol were gradually added and emis-
sion spectra were recorded. The decrease in the emission
intensity indicates the interaction between compound 1 and
the drug. We performed separately the absorption spectro-
scopic studies with peptidomimetic compound and the con-
trol experiment (ESI,† Fig. S5). The concentration of the drug
bound with compound 1 was quantified by UV-visible spec-
troscopy (Fig. 8b) and the results were expressed as loading
efficiency ((amount of drug added − amount of free drug)/
(amount of drug added in %)). The loading efficiency is 60%.
The drug loading content (i.e. (weight of the bound drug/
weight of spheres used) × 100) for the spheres obtained from
compound 1 is 4%. The experimental procedures described
in the experimental section were applied to calculate the
loading efficiency and drug loading content.

To investigate the morphological changes of the micro-
spheres after drug loading, FE-SEM experiments were
performed. Fig. 9 shows the FE-SEM images of compound 1
after drug loading. From the FE-SEM images it is clear that
after drug loading there is almost no change in the size and
morphology of the microspheres.

Human cancer cells produce large amounts of hydrogen
peroxide.17 Hydrogen peroxide is known to alter the tight
junction composed of integral membrane proteins and
peripheral membrane proteins,27 thereby enhancing the per-
meability of the external molecules.28 We used hydrogen per-
oxide as an external stimulus at different concentrations to
disassemble the peptidomimetic microspheres. 5 mg of
2530 | CrystEngComm, 2014, 16, 2527–2534
nicotinamide loaded compound 1 microspheres were
suspended in 5 mL water in a 15 mL centrifuge tube. 30%
hydrogen peroxide was added to the suspension so that the
final concentration of H2O2 in the suspension was 10 mM.
The suspension was centrifuged at 5000 rpm for 5 minutes.
Aliquots were taken from the suspension and monitored by
UV-visible spectroscopy at different time intervals. Fig. 10a
This journal is © The Royal Society of Chemistry 2014
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Fig. 10 (a) UV spectra of 10 μM H2O2 triggered drug release from
nicotinamide loaded compound 1 microspheres. (b) UV spectra of the
control experiment with nicotinamide loaded compound 1
microspheres before and after H2O2 addition.

Fig. 11 Drug release profile of nicotinamide loaded compound 1
microspheres obtained from fluorescence spectroscopy using 10 mM
and 1 mM H2O2.

Fig. 12 (a) FE-SEM images of partially ruptured drug loaded micro-
spheres. (b) FE-SEM images of ruptured microspheres.
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shows the UV-visible spectra of H2O2 triggered nicotinamide
release kinetics from the nicotinamide loaded compound 1
microspheres. From Fig. 10a it is clear that nicotinamide con-
centration gradually increases in the aliquot with time and
after 24 hours of increasing absorbance saturates, which indi-
cates that no more nicotinamide is released from the micro-
spheres. The control experiment was also done in which
H2O2 was not added to the suspension of the nicotinamide
loaded compound 1 microspheres. Fig. 10b shows that with-
out H2O2 there is an increase in absorbance, although it satu-
rates after 3 hours. However, with the addition of H2O2 to the
same suspension (after 7 h), there is a large increase in
absorbance by 0.6 units. We conclude that the nicotinamide
that has been adsorbed on the surface of the spheres comes
into contact with water and shows absorbance initially. After
addition of H2O2, the spheres were ruptured and the loaded
drug was released which shows further enhancement in
absorbance.

Fluorescence spectroscopy was used to assess the H2O2

concentration dependence of nicotinamide release kinetics
from compound 1 microspheres. Separately 10 mM and
1 mM of H2O2 were used as external stimuli. The drug release
profile for compound 1 with these two concentrations of
H2O2 is shown in Fig. 11 where the intensities at the emis-
sion maximum, i.e. 432 nm, are plotted. The excitation wave-
length is 270 nm. Fig. 11 reveals that for 10 mM H2O2 there
This journal is © The Royal Society of Chemistry 2014
is an increase in the fluorescence intensity for the drug
loaded compound 1 microspheres and it has reached a maxi-
mum at around 1 hour of incubation. After that the fluores-
cence intensity gradually decreased and stabilized after 22
hours. Comparing UV-visible and fluorescence spectra it is
clear that the fluorescence intensity of nicotinamide
decreases with the increase of its concentration in solution.

The initial increase in the fluorescence intensity may be
due to the rupturing phenomenon of the microspheres. With
1 mM H2O2 the effect is smaller, i.e. the increase of the inten-
sity and the slope of the curve are smaller (Fig. 11). Hence,
the release of the drug nicotinamide is directly proportional
to the amount of H2O2.

To investigate the morphological changes of the micro-
spheres during drug release by H2O2, FE-SEM experiments
were performed. It may be that the addition of H2O2 changed
the pH of the solution and caused the disruption of the
microspheres and the release of drug molecules. Fig. 12a
shows the FE-SEM images of partially ruptured drug loaded
microspheres after 15 minutes of incubation with 5 mM
H2O2. Fig. 12b shows the FE-SEM images of ruptured drug
loaded microspheres after 22 hours of incubation with 5 mM
H2O2. Since the addition of H2O2 could change the pH of the
system, a controlled experiment without H2O2 at variable pH
was performed. However, the vesicles were not ruptured at
CrystEngComm, 2014, 16, 2527–2534 | 2531
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pH 6 or even at pH 1 (AFM images, ESI,† Fig. 6). This
confirmed that the rupture of vesicles was caused by
some H2O2 specific effect, just not by the change of the pH.
The very high concentration and longer time treatment
with H2O2 may have changed the assembly pattern of the
reported compound.

Experimental
General methods and materials

Pyridine dicarboxylic acid was purchased from Sigma Chemicals
while dicyclohexylcarbodiimide (DCC) was purchased from SRL.

Synthesis of peptidomimetic compounds

The compounds were synthesized by a conventional solution-
phase methodology. Coupling was mediated by dicyclo-
hexylcarbodiimide (DCC). The compounds were fully charac-
terized by 500 MHz 1H NMR spectroscopy and 125 MHz
13C NMR spectroscopy, FT-IR and mass spectroscopy.
Compounds 1 and 2 were also characterized by X-ray
crystallography.

Preparation of the microspheres

Compound 1 (0.5 mg mL−1) was dissolved in methanol–water
(19 : 1) solution and was allowed to age for 12 h at room
temperature.

NMR spectroscopy

All NMR studies were carried out on a Brüker AVANCE 500
MHz spectrometer at 298 K. Compound concentrations were
in the range 1–10 mmol in CDCl3.

UV-Vis spectroscopy

UV-Vis absorption spectra of the reported compounds were
recorded on a Perkin Elmer UV/Vis spectrophotometer.

Fluorescence spectroscopy

Fluorescence spectra of the reported compound 1 were
recorded on a fluorescence spectrometer (Horiba Jobin Yvon).

Mass spectrometry

Mass spectra of the compounds were recorded on a Q-Tof
Micro YA263 high-resolution (Waters Corporation) mass spec-
trometer by positive-mode electrospray ionization.

FT-IR spectroscopy

FT-IR spectra were obtained using a Perkin Elmer Spectrum
RX1 spectrophotometer.

Dynamic light scattering

The particle sizes of the microspheres were determined using
a DLS instrument (model ZETASIZER Nano Series Nano ZS)
2532 | CrystEngComm, 2014, 16, 2527–2534
with the compound concentration of 0.5 mg mL−1 in metha-
nol–water (19 : 1).

Atomic force microscopy

The morphology of the compounds was investigated by
atomic force microscopy (AFM). The solution of the reported
compound in methanol–water (19 : 1) (0.5 mg ml−1) was drop-
casted on a microscopic glass cover slip and dried under vac-
uum at 30 °C for 2 days. Images were taken using an NTMDT
instrument, model no. AP-0100 in semi-contact mode.

Field emission scanning electron microscopy

The morphology of the reported compounds was investigated
using field emission scanning electron microscopy (FE-SEM).
The solution of the reported compound in methanol–water
(19 : 1) (0.5 mg mL−1) was drop-casted on a microscopic glass
cover slip and dried under vacuum at 30 °C for 2 days. The
images were taken using an FE-SEM apparatus (Jeol scanning
microscope JSM-6700F).

X-ray crystallography

Single crystal X-ray analyses of the reported compounds were
recorded on Bruker high-resolution X-ray diffractometer
instruments.

Loading procedure

18.5 mg of compound 1 was dissolved in 15 mL methanol
containing 1.35 mg of nicotinamide. The solution was stirred
overnight and drop-casted on a Petri dish and dried. Finally,
the drug loaded spheres were dried under vacuum and
washed with double distilled water (several times) to remove
unbound drug molecules.

Calculation of loading efficiency

First the absorption spectra of 2.7 mg of nicotinamide in
30 mL methanol were recorded (shown as the black spectrum
in Fig. 8b). To the 15 mL drug solution, 18.5 mg of com-
pound 1 was added and drug loaded spheres were prepared
as described above. The unbound drug was washed with
50 mL double distilled water and the washed solutions were
dried in a rotavapour. The resulting solid mass was dissolved
in 15 mL methanol and the absorption spectrum was
recorded (the red spectrum in Fig. 8b). From these absorp-
tion maxima, recorded before and after drug loading with
compound 1, loading efficiencies and drug loading contents
were calculated using the equations described above.

Conclusions

In conclusion, a better understanding of the self-assembly
and disassembly processes was achieved which may enhance
the control over targeted drug delivery. The reported
peptidomimetic compound 1 adopts a 12-membered unusual
turn structure and forms a supramolecular helical structure
This journal is © The Royal Society of Chemistry 2014
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in higher order assembly. Compound 1 also forms micro-
spheres from methanol–water solution. The microspheres
obtained from the peptidomimetic compound can be effi-
ciently loaded with the anticancer drug nicotinamide. More-
over, hydrogen peroxide helps to rupture the microspheres of
peptidomimetic compound 1 which leads to the proportional
release of the loaded anticancer drug. Though this is a model
“in vitro” experiment with higher concentrations of H2O2

than under the physiological conditions, this may foster new
research for controlled and targeted drug delivery under
physiological conditions exploiting high levels of hydrogen
peroxide present in cancer cells.
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