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Isatin thiosemicarbazones promote honeycomb
structure formation in spin-coated polymer ﬁlms:
concentration eﬀect and release studies†
V. Garcı́a Fernández-Luna,‡a D. Mallinson,‡a P. Alexiou,b I. Khadra,a A. B. Mullen,a
M. Pelecanou,b M. Sagnou*b and D. A. Lamprou*ac
Formation of ordered porous polymer ﬁlms is one of the techniques currently under investigation for its
potential for the manufacturing of coatings with biomedical applications. Aiming for ﬁlms with improved
characteristics against bacterial colonization, poly(methyl methacrylate) (PMMA) and polyurethane (PU)
ﬁlms were formed via the spin coating method on silica wafer (SW) substrates, in the absence or
presence of four isatin thiosemicarbazone derivatives (ITSCs) in various concentrations. The resulting
ﬁlms exhibited high hydrophobicity based on contact angle goniometry measurements ranging from
minimum water contact angle values of 84.0  4.0 for PMMA and 85.0  0.2 for PU, alone, to
a maximum of 129.3  2.6 and 102.1  1.4, respectively, after the addition of an ITSC. Atomic force
microscopy revealed rough polymer surfaces with honeycomb structures which are aﬀected by ITSC
type and concentration. PMMA ﬁlms presented a higher density of pores with a smaller pore diameter
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(280  20 nm) compared to PU ﬁlms (647  54 nm). A 24 h dissolution study showed a gradual release
of ITSC from the PMMA ﬁlm, in a pH dependent manner, reaching almost completion, while PU showed
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no detectable release. Overall, PMMA ﬁlms blended with ITSCs present favourable characteristics for
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biomedical coating applications.

Introduction
With the recent developments in polymer science, the manufacturing of lms as vehicles for innovative drug delivery systems
is gaining increasing research interest. In the process
of generating novel articial advanced materials, the veried
patterns and ways existing in nature serve as a source of inspiration. One of nature's structures that has been investigated the
most is the honeycomb, fabricated by bees and organized into
cells, which presents outstanding characteristics such as structural stability, high mechanical strength and large surface area.1–4
Typically in the lab, ordered porous polymer lms can be formed
by spin coating or drop casting a polymer solution, which
undergoes phase separation upon solvent evaporation. This could
be due to a chemically heterogeneous solute (e.g. another polymer), convection (uneven evaporation ows) or breath gures
a
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(water templating).5 The extended templating method of breath
gure (BF) has been used to create highly ordered honeycomb structured lms containing arrays of pores important for
many applications6 including catalysts,7 antireective coatings,8
templates for inorganic growth masks,9 membranes,10 cell
culture substrates,11 tissue engineering and drug delivery12 and
coatings for medical devices.13 This latter application aims to
improve the surface characteristics of medical devices, which
are strongly dependent on their roughness, hydrophobicity,
porosity, and chemical composition.14 These properties have
been shown to inuence protein and bacterial absorption
among other undesirable reactions such as inammation,
brosis, thrombosis, infection,15 and to have a direct impact on
safety enhancement of the implanted devices.
Bacterial infection is a serious complication of implanted
biomaterials. In 2011, prosthetic infections occurred in 1.3–
1.6% of all knee and hip joint replacement surgeries.16 With
a view to eradicate the infections associated with lm formation, some of the medical devices already in use incorporate
a coated surface that is also able to release antimicrobial
substances.17–19 Local release of the antimicrobial agent into
a specic area has shown high eﬀectiveness in the prevention
of bacterial adhesion and the formation of microbial lms.
Therefore, there is an increasing interest in developing
new biomedical coatings that can resist bacterial adhesion
for tissue engineering.20 Moreover, there is growing focus on
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Synthesis of isatin derivatives

Fig. 1 Structure of methisazone and the tested thiosemicarbazone
derivatives 1, 2, 3, and 4.

incorporating antibacterial drugs into biomedical coatings for
targeted drug delivery.21
The heterocyclic compound 1H-indole-2,3-dione, commonly
known as isatin is an outstanding building block in organic and
medicinal chemistry approaches. Thiosemicarbazone derivatives
of isatins (ITSCs) demonstrate a variety of biological activity,
including antiviral, antibacterial, anticancer, anticonvulsant and
antidepressant activity.22,23 N-Methylisatin-b-thiosemicarbazone
(methisazone) has been studied extensively for their pox-viruses
replication inhibition24 whereas isatin derivatives also have
antifungal and anti-mycotoxin activities.25 Addition of ITSCs in
poly(methyl methacrylate, PMMA) and polyurethane (PU) solutions was rst attempted by our group26 in the eﬀort to modify the
polymer surface characteristics and alter its biological properties.
It was shown that the addition of ITSC to PMMA dissolved in
tetrahydrofuran solvent and spin-coated on to a silica wafer
promoted the formation of lms that displayed honeycomb
structures that were highly hydrophobic; this was not observed
for PU lms. The present study aims to investigate further the
inuence of the presence of four diﬀerent ITSCs (1–4, Fig. 1) on
polymer lm surface characteristics. ITSC 1 (K) has been shown
to have signicant antifungal activity,27 antiherpetic activity,28
antileishmanial activity,29 and antibacterial activity against
antibiotic-resistant gram-positive bacterial strains.30 ITSC 2 (M)
has been shown28 to have signicant antiherpetic activity whereas
isatin derivatives 3 (N) and 4 (NM) have not been studied in the
literature previously.
PMMA and PU lms were produced via spin coating in the
presence or absence of the four ITSCs and the surface morphology,
surface energy and lm hydrophobicity were investigated at
various concentrations of isatin derivatives. Moreover, dissolution
studies were performed to evaluate the drug-releasing ability of the
PMMA–ITSC or PU–ITSC blended lms.

Experimental
Materials
Poly(methyl methacrylate) (PMMA; MW 94.6 kg mol1) was
purchased from Acros Organics. Polyurethane (PU; MW 88.1 kg
mol1) was purchased from Fluka. Tetrahydrofuran (THF;
>99.9%), ethylene glycol (EG; >99.8%), diiodomethane (DIM;
>99%), monosodium phosphate (NaH2PO4), sodium hydroxide
and sodium chloride were purchased from Sigma and used
without further purication. Deionised water (DW) of HPLC
grade (18.2 MU cm) was also used.
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The thiosemicarbazones 1–3 were prepared by combining
equimolar amounts of the commercially available substituted
isatins (3.5 mmol) and thiosemicarbazide (3.5 mmol) dissolved
in ethanol followed by the addition of a few drops (100–200 mL)
of glacial acetic acid to initiate the reaction. The mixture was
reuxed overnight and the corresponding thiosemicarbazonederivative precipitated during the course of the reaction. All
nal compounds were recrystallised from DMSO with a small
amount of water.
(E)-2-(2-Oxoindolin-3-ylidene)-N-phenylhydrazinecarbothioamide (1). This was synthesised according to the general procedure by reacting isatin with 4-phenyl-3-thiosemicarbazide. Yield
¼ 81%. 1H NMR (500 MHz, DMSO-d6) d 12.79 (s, 1H), 11.26 (s,
1H), 10.82 (s, 1H), 7.78 (d, J ¼ 7.5 Hz, 1H), 7.61 (d, J ¼ 8.1 Hz, 2H),
7.43 (t, J ¼ 7.6 Hz, 2H), 7.37 (t, J ¼ 7.7 Hz, 1H), 7.28 (t, J ¼ 7.3 Hz,
1H), 7.11 (t, J ¼ 7.5 Hz, 1H), 6.95 (d, J ¼ 7.8 Hz, 1H); 13C NMR
(125.5 MHz, DMSO-d6) d 176.37, 162.72, 142.51, 138.47, 132.31,
131.46, 128.40, 126.12, 125.70, 122.38, 121.41, 119.93, 111.11,
39.52; ESI-MS (m/z) [M + H]+ calculated for [C15H13N4OS+] 297.08
found: 297.15, HPLC analysis: peak area ¼ 99.827%, mobile
phase A: aq. CH3COONH4 10 mM, pH ¼ 3.9 with formic acid;
mobile phase B: MeOH; detected at 255 nm.
(E)-2-(5-Methoxy-2-oxoindolin-3-ylidene)-N-phenylhydrazinecarbothioamide (2). This was synthesised according to the
general procedure by reacting 5-methoxyisatin with 4-phenyl-3thiosemicarbazide. Yield ¼ 78%. 1H NMR (500 MHz, DMSO-d6)
d 12.79 (s, 1H), 11.07 (s, 1H), 10.81 (s, 1H), 7.59 (d, J ¼ 7.9 Hz,
2H), 7.47–7.39 (m, 3H), 7.29 (t, J ¼ 7.3 Hz, 1H), 6.96 (dd, J ¼ 8.5,
2.2 Hz, 1H), 6.86 (d, J ¼ 8.5 Hz, 1H), 3.77 (s, 3H); 13C NMR (125.5
MHz, DMSO-d6) d 176.43, 162.83, 155.34, 138.56, 136.21, 132.55,
128.44, 126.23, 125.92, 120.73, 117.51, 111.85, 106.65, 55.65;
ESI-MS (m/z) [M + H]+ calculated for [C16H15N4O2S+] 327.09
found: 327.20, HPLC analysis: peak area ¼ 99.665%, mobile
phase A: aq. CH3COONH4 10 mM, pH ¼ 3.9 with formic acid;
mobile phase B: MeOH; detected at 255 nm.
(E)-N-(4-Methoxyphenyl)-2-(5-nitro-2-oxoindolin-3-ylidene)
hydrazinecarbothioamide (3). This was synthesised according
to the general procedure by reacting 5-nitroisatin with 4-(pmethoxy)phenyl-3-thiosemicarbazide. Yield ¼ 85%. 1H NMR
(500 MHz, DMSO-d6) d 12.51 (s, 1H), 11.85 (s, 1H), 11.01 (s,
1H), 8.70 (s, 1H), 8.29 (d, J ¼ 8.7 Hz, 1H), 7.45 (d, J ¼ 8.6 Hz,
2H), 7.14 (d, J ¼ 8.7 Hz, 1H), 7.00 (d, J ¼ 8.5 Hz, 2H), 3.79 (s,
3H); 13C NMR (125.5 MHz, DMSO-d6) d 176.75, 163.04, 157.60,
147.40, 142.89, 131.14, 130.11, 127.47, 127.12, 121.04, 116.78,
113.69, 111.33, 55.32; ESI-MS (m/z) [M + H]+ calculated for
[C16H14N5O4S+] 372.08 found: 372.00, HPLC analysis: peak
area ¼ 97.646%, mobile phase A: aq. CH3COONH4 10 mM, pH
¼ 3.9 with formic acid; mobile phase B: MeOH; detected at
255 nm.
Compound (4) was synthesised according to literature28 and
used as positive control. Air sensitive chemical synthesis was
performed in dry and inert conditions under a nitrogen atmosphere. All reactions were routinely checked by thin-layer
chromatography (TLC) on silica gel Merck 60 F254 and
compounds were puried by column chromatography on silica
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gel using the appropriate solvent systems or by preparative
high-performance liquid chromatography (HPLC). The purity of
the compounds tested biologically was determined by an
analytical HPLC method and was found to be greater than or
equal to 95%. The purity was determined automatically by the
parameters of the MS analysis performed on a HPLC Shimadzu
2010EV (Column: Merck Purospher RP-C8, 250  4.6 mm, 5 mm
particle size), equipped with a SPD-20A UV/Vis detector. Characterisation of target compounds was established by a combination of ESI-MS and NMR techniques. 1H and 13C NMR spectra
were recorded on a Bruker Advance DRX 500 MHz spectrometer.
Chemical shis are presented in ppm (d) with internal TMS
standard. Original 1H and 13C NMR spectra are presented in the
ESI section (Fig. S1–S4).† MS were obtained by the mass
detector of the HPLC Shimadzu 2010EV.
Spin coating
The spin coating method was employed to obtain thin lms of
uniform thickness on silica wafer (SW) substrates. PMMA and
PU polymers were used as purchased with no further treatment
and dissolved in THF to obtain a nal solution of 2% w/v.
Solutions were le overnight to ensure complete dissolution.
Isatin derivatives were dissolved in THF at 10 mg mL1.
Aliquots were added to the polymer solution to provide nal
preparations at various isatin concentrations: 10, 100 and 500
mM. SW was cut into 100–200 mm2 square pieces and carefully
cleaned with DW, followed by 70% v/v ethanol and with THF.
The solutions were manually applied with a syringe to the
substrate, which was then spun to spread the liquid with
a Laurell WS-400-6NPP spin coater at 2000 rpm for 30 s at
ambient temperature (20–25  C) and ambient humidity (20–
30% RH) measured with an Exo Terra digital hygrometer. For
each solution prepared, experiments were repeated at least in
triplicate.
Atomic force microscopy
Atomic force microscopy (AFM) is an eﬀective tool for the
characterisation of polymer lms providing information about
the morphology of the compound as well as nanoscale data of
diﬀerent physical properties of the polymer. From analysis of
height maps of the polymer lms, the pore density (number of
pores in an area) and roughness of the lms were calculated.
AFM images were acquired using a Bruker Multimode 8
atomic force microscope with a Nanoscope V controller in
ambient conditions. ScanAsyst Air probes (Bruker) with Vshaped silicon nitride cantilevers with spring constants in the
range 0.25–0.4 N m1 were used. Samples were studied using
a peak force quantitative nanomechanical mapping (PF-QNM)
mode in air at a resolution of 512 samples per line and a scan
rate of 1.0 Hz. Roughness (Ra) was calculated using Nanoscope
Analysis 1.6 soware on ve 5  5 mm images.
Contact angle goniometry
Contact angle goniometry (CAG) is used to determine the
hydrophobicity/hydrophilicity of a surface. Drops of DW, EG
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and DIM were placed onto surfaces, giving contact angles at the
three-phase interface between the solid, liquid and gas phases.
The analysis of these contact angles allowed the calculation
of surface energies. The surface energy (gS) and surface energy
components values for each sample were determined by the
measurement of the advancing contact angles (qA) of three
diﬀerent solvents on the surfaces DW (18.2 MU cm, gL 72.8 mN
m1 at 20  C), EG (gL 48.0 mN m1 at 20  C) and DIM (gL 50.8
mN m1 at 20  C) (surface tension gL values from Lamprou
et al.31). The contact angles of the spin-coated surfaces were
measured with a Krüss DSA30B contact angle goniometer,
using the sessile drop method with the Krüss Advance soware. Advancing contact angles (qA) were calculated from the
le and right side of each drop 5–10 s aer the placement of
the drop on the surface. Finally, the surface energies (gs) were
obtained by calculating the mean contact angles using the
Good and Oss 3-liquid formula [eqn (1)] via an in-house
Visual Basic program.31 The measurement was repeated for
a minimum of three samples for each polymer lm, measuring
3 to 4 drops per sample (n ¼ 9–12).
pﬃﬃﬃﬃﬃpﬃﬃﬃﬃﬃ
qﬃﬃﬃﬃﬃﬃ
sPS sPL
sLðcos q þ 1Þ
p
pﬃﬃﬃﬃﬃﬃ
ﬃﬃﬃﬃﬃﬃﬃ
ﬃ
¼
þ
sD
(1)
S
2
sD
sD
L
L
In vitro release studies
Release studies are a suitable technique to determine the
dissolution rate of a compound in a specic aqueous media,
using small sample weights.
The release of compound 2 (500 mM) from a PMMA lm
was carried out at room temperature using a SiriusT3
instrument. To determine the best pH range for the release of
the drug, a standard dissolution test was carried out by
immersing the polymer lm into 20 mL of phosphate buﬀer
adjusted to a starting pH 2.0. The release of 2 was directly
measured by multi-wavelength UV absorption spectroscopy
using an in situ bre-optic UV probe. The data were recorded
for 24 h starting at pH 2.0 and increasing the pH every 6 h by
the addition of KOH via a capillary to determine the optimum
pH for the release. At the end of the study, the dissolution at
diﬀerent pH of 2.04, 3.85, 5.37 and 7.26 were recorded,
showing the highest release prole in the pH range 5.37 to
7.26. Therefore, further analysis was performed by repeating
the experiment using pH 6.46. Data was recorded for 24 h
showing that at pH 6.46  0.02 the drug was released in
a continuous manner through time. During the experiment
the solution was continuously stirred at a constant rate.
Absorption data were converted to absolute sample weight
(mg) and plotted against time (min).
Statistical analysis
Signicances for energy surface were calculated through t-test
for each pair of samples within each concentration. Signicances for roughness and pore density (pores in an area), were
found with two-way ANOVA test for each factor, i.e., polymer,
isatin derivative concentration and isatin derivative structure.
Signicance tests were carried out with Minitab 17 with
a signicance level of 0.05.
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Table 3 Advancing contact angles (qA) for DW, EG and DIM for PMMA
and PU blended with ITSCs (500 mM)

Results and discussion
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Contact angle goniometry
Advancing contact angles (qA) of DW, DIM and EG were calculated on PMMA or PU surfaces with and without isatin derivatives. The values are displayed in Tables 1–3 for diﬀerent ITSC
concentrations, namely 10, 100 and 500 mM. Upon addition of
ITSC the water contact angle values increased in both PMMA
and PU lms, from a minimum of 83.9  4.5 for PMMA and
85.3  0.2 for PU to a maximum of 129.3  2.6 and 102.1 
1.4, respectively. The eﬀect of ITSCs addition on advancing
contact angles of EG and DIM follows a similar trend. This is
in agreement with Mallinson et al.,26 who also observed an
increase in hydrophobicity caused by the addition of isatin
thiosemicarbazones to the polymer. As previously observed,28
the eﬀect of ITSC addition was much more dramatic in the case
of PMMA lm formation, leading to highly hydrophobic
surfaces, compared to the PU counterparts.
It can be clearly seen from the Tables 1–3 that the eﬀect of
ITSCs on qA is concentration dependent. A statistically signicant surface hydrophobicity increase (p < 0.05) was observed for
concentrations of 100 and 500 mM compared to baseline, while
no statistical signicant change in qA was observed for the low
ITSC concentration 10 mM. These results indicate the direct and
active participation of ITSC in the BF phenomenon. The fact
that the eﬀect of the 100 mM and 500 mM concentration is within

Table 1 Advancing contact angles (qA) for DW, EG and DIM for PMMA
and PU blended with ITSCs (10 mM)

Advancing contact angles (qA)/
Polymer

ITSC

DW

SW
PMMA
PU
PMMA
PMMA
PMMA
PMMA
PU
PU
PU
PU

None
None
None
1
2
3
4
1
2
3
4

62.1 
83.9 
85.3 
93.4 
91.8 
90.5 
118.8 
88.8 
92.1 
84.4 
88.8 

6.7
4.5
0.2
2.7
1.9
4.3
0.7
3.3
1.8
1.1
1.8

EG

DIM

44.8  7.6
60.5  4.7
61.9  4.0
72.7  3.2
68.9  5.9
70.7  2.2
96.5  2.7
68.4  0.7
71.4  1.5
65.4  2.4
63.9  2.2

54.0  3.4
40.2  0.5
37.3  4.8
39.7  1.8
35.8  1.8
38.6  2.7
73.0  5.4
31.6  1.9
32.1  1.7
30.6  2.8
34.9  1.6

Advancing contact angles (qA) for DW, EG and DIM for PMMA
and PU blended with ITSCs (100 mM)
Table 2

Advancing contact angles (qA)/
Polymer

ITSC

DW

EG

DIM

PMMA
PMMA
PMMA
PMMA
PU
PU
PU
PU

1
2
3
4
1
2
3
4

129.3  2.6
123.5  3.7
123.6  2.7
119.6  0.6
101.7  0.5
100.6  0.8
97.4  3.2
101.5  1.4

100  3.6
94.5  6.3
100.0  2.0
91.4  5.8
72.8  2.8
72.1  0.2
72.9  2.2
72.7  3.9

37.9  3.6
41.2  0.5
36.7  0.9
41.7  1.8
32.2  0.1
32.0  0.2
32.0  0.3
32.5  1.3
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Advancing contact angles (qA)/
Polymer

ITSC

DW

EG

DIM

PMMA
PMMA
PMMA
PMMA
PU
PU
PU
PU

1
2
3
4
1
2
3
4

123.6  2.2
119.8  5.0
121.9  1.2
128.0  1.3
102.1  1.4
102.1  1.8
101.1  3.1
101.1  1.9

100.3  1.2
92.6  4.2
93.8  6.6
100.5  3.3
72.6  1.7
72.2  0.1
69.5  5.1
73.4  0.3

39.6  1.9
37.2  2.8
33.6  0.5
38.1  0.6
30.2  1.5
21.3  1.5
30.2  1.2
34.2  0.4

the same range suggests that the eﬀect reaches a plateau. It is
worth mentioning that this concentration-dependent behaviour
resembles the eﬀect on hydrophobicity observed during copolymerisation processes, by either changing the concentration or the type of the lm polymers,29,30 a fact that indicates the
direct and active participation of ITSC in the BF phenomenon.
Furthermore, it is notable that even though PMMA and PU
are hydrophilic polymers with an intrinsic contact angle lower
than 90 , the lms obtained in the presence of 100 and 500 mM
of ITSCs exhibit angles around or above 100 , with the PMMA
lms reaching up to 129 in the presence of ITSC 1. Changes in
the wettability of the surfaces have been presented in the literature associated with diﬀerent mechanisms of preparation, the
inuence of air plasma on the surfaces, or ultraviolet ozone
treatment of the surfaces.32–36 In our case, the observed change
from hydrophilic to hydrophobic can only be due to the presence of the extended aromatic system of the ITSCs and the way
it interacts with the polymer or even self-assembles during the
lm-preparation process. This is the rst to our knowledge case
in the literature where a change in the wettability of the surface
occurs by the simple addition of a small organic molecule in the
THF–polymer system.
The surface energy calculations showed high similarity between
the PMMA and PU lms. Overall, the surface energy in PMMA

Table 4 Surface energy components (gS) of spin coated surfaces
calculated from CAG measurements for PMMA and PU polymer ﬁlm
containing ITSCs (10 mM)

Surface energy/mJ m2

Surface
Polymer

ITSC

gS

gS+

gLW
S

gS

Roughness (Ra)
by AFM/nm

SW
PMMA
PU
PMMA
PMMA
PMMA
PMMA
PU
PU
PU
PU

None
None
None
1
2
3
4
1
2
3
4

22.77
5.54
4.88
2.87
2.74
4.06
0.00
4.30
3.13
6.48
3.15

0.33
0.04
0.10
0.57
0.41
0.54
0.26
0.66
0.82
0.59
0.17

32.00
39.50
40.94
39.78
41.65
40.30
21.21
43.54
43.32
43.98
42.07

37.49
40.43
42.36
42.33
43.78
43.27
21.22
46.92
46.53
47.90
43.54

1.09
20.33
17.77
31.73
17.68
26.25
23.37
30.77
27.35
29.45
21.15

 0.10
 5.51
 2.68
 4.03
 7.89
 4.71
 0.99
 5.45
 3.65
 5.23
 1.91
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Table 5 Surface energy components (gS) of spin coated surfaces
calculated from CAG measurements for PMMA and PU polymer ﬁlm
containing ITSCs (100 mM)

Surface energy/mJ m2
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Surface
Polymer

ITSC

gS

gS+

gLW
S

gS

Roughness (Ra)
by AFM/nm

PMMA
PMMA
PMMA
PMMA
PU
PU
PU
PU

1
2
3
4
1
2
3
4

2.03
1.16
0.50
0.62
0.14
0.24
1.09
0.26

3.32
2.14
4.02
1.72
0.5
0.48
0.73
0.32

40.64
39.01
41.23
38.73
43.28
43.38
43.36
42.73

45.84
42.17
44.07
40.80
43.82
44.06
45.13
43.30

46.04
31.47
40.50
31.76
40.26
37.53
37.85
35.74

 2.15
 2.08
 3.47
 1.47
 4.04
 4.91
 2.47
 3.98

Table 6 Surface energy components (gs) of spin surfaces calculated
from CAG measurements for PMMA and PU polymer ﬁlm containing
ITSCs (500 mM)

Surface energy/mJ m2

Surface
Polymer

ITSC

gS

gS+

gLW
S

gS

Roughness (Ra)
by AFM/nm

PMMA
PMMA
PMMA
PMMA
PU
PU
PU
PU

1
2
3
4
1
2
3
4

0.45
0.58
0.93
1.49
0.08
0.05
0.05
0.27

3.78
2.35
2.78
3.58
0.53
0.78
0.29
0.52

39.79
40.98
42.65
40.53
44.13
47.40
44.15
42.43

42.41
43.32
45.87
45.15
44.54
47.79
44.39
43.18

43.97
37.30
35.23
30.45
38.23
45.33
40.55
44.35

 1.07
 7.05
 1.92
 0.49
 3.30
 2.30
 2.05
 0.78

lms was slightly lower than PU, which is in agreement with the
values obtained for the water contact angles. This correlation is
more clearly revealed at lower ITSC concentrations (Tables 4–6).
This behaviour is consistent with the roughness values calculated
for each lm by AFM (Tables 4–6) as high roughness on polymer
surfaces can lead to an increase of water contact angles due to the
‘lotus eﬀect’.32 The “lotus eﬀect”, initially studied by Cassie and
Baxter,33 takes place when air pockets rest under the drop causing
super-hydrophobicity by aﬀecting the apparent contact angle at the
boundary between the liquid and the solid surface.
The statistical test one-way and two-way ANOVAs, showed
a signicant eﬀect of the added ITSCs on the surface roughness.
Within the same polymer, the roughness increased when
concentration increased from 10 mM to 100 mM with a less
pronounced increase from the 100 mM to the 500 mM concentration. In the case of PMMA surfaces there is a distinct variability
of surface roughness depending on the type of ITSC added while
the PU surface roughness seems to be less drastically aﬀected by
the nature of the ITSC added. The roughness results agree with
the high contact angle measurements obtained and the surface
energies calculated providing additional evidence for the eﬀect of
the added ITSCs on the polymer lm characteristics.

results show that the presence of ITSCs leads to formation of
honeycomb structures and conrms our previous results26
where it was shown that the lack of isatin derivative prevents the
formation of pores. It is evident in the images that PMMA
surfaces present a structured honeycomb arrangement with
smaller pore diameter (280  20 nm) than the PU lms (647 
54 nm).
The mean values and standard deviation of pore density for
each surface at 10, 100 and 500 mM of each ITSC are shown in
Fig. 5. These results agree with the high hydrophobicity of the
lms, as they show unequal surfaces providing space for air
pockets.
As evidenced by the diﬀerences found in the surface lm
characteristics, the behaviour of the surface is aﬀected to some
extent by the presence of diﬀerent isatin derivatives and the
variety of concentrations used. The data obtained was subjected
to statistical analysis that conrmed an interaction between the
polymer nature and the isatin which directly aﬀects the physical
properties of the lms. From the pore density values in Fig. 5 it
is obvious that PMMA produce lms of higher porosity. In both
lms increasing concentrations of ITSCs cause an upward trend
in porosity conrming the catalytic eﬀect of ITSCs on pore
formation. Apparently, during the BF process, hydrophobic or
p–p stacking interactions cause these molecules to selfassemble enhancing patterned honeycomb structure formation. The results of our previous work indicated that the presence of the amide –NH group is important in enhancing the BF
phenomenon. It appears plausible that the –OCH3 or –NO2

AFM height images with 3D eﬀect of PMMA and PU with ITSCs
1, 2, 3 and 4 at 10 mM. Images are 5  5 mm.

Fig. 2

Atomic force microscopy
AFM images are shown in Fig. 2, 3 and 4 for PMMA and PU lms
blended together with ITSCs of 10, 100 and 500 mM. The AFM
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AFM height images with 3D eﬀect of PMMA and PU with ITSCs
1, 2, 3 and 4 at 100 mM. Images are 5  5 mm.

Fig. 3

RSC Adv., 2017, 7, 12945–12952 | 12949

View Article Online

Open Access Article. Published on 24 February 2017. Downloaded on 01/03/2017 11:09:18.
This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

RSC Advances

Fig. 4 AFM height images with 3D eﬀect of PMMA and PU with ITSCs
1, 2, 3 and 4 at 500 mM. Images are 5  5 mm.

Fig. 5 Pore density calculated for surfaces prepared of PMMA (a) or PU
(b), and doped with ITSCs at 10, 100 and 500 mM. A control with no
isatin derivatives was also used.

Paper

was selected as a dissolution medium, being a suitable biorelevant solvent, providing the appropriate conditions to
investigate drug release at diﬀerent pH values. The maximum
amount of ITSC released was measured at pH 7.25 reaching
a value of 5 mg, which correlates well with the quantity of drug
assumed to be present at the beginning of the experiment. The
SW surface was loaded with 0.4 mL of solution containing 16 mg
of ITSC 2, however during the spin coating a great amount of
compound is lost due to the high speed applied.6,35
Fig. 6 shows a great dependence of drug release on pH and
the dissolution proles present a discontinuous release as
diﬀerent process over all the pH areas of analysis in this studies.
The average of dissolved drug per sections and the total amount
released with their standard deviations can be found in Table 7.
ITSCs are Schiﬀ bases and pH alterations are anticipated to
aﬀect the degree of protonation/deprotonation of the molecules. At the low pH values of the study, it has been suggested
that protonation takes place at the oxo group of the isatin vemembered ring.36 The basic character of ITSC 2 may be aﬀected by the methoxy group mesomeric electron-donation eﬀect
which can be transferred through conjugation to the imine
nitrogen of the ve-membered indole ring. Since the increasing
pH sectors seem to accumulate a correspondent increasing
amount of ITSCs, the acidic properties of the molecule seem to
dominate.
An additional in vitro dissolution study was performed at pH
6.46 to conrm the release prole of ITSC 2. Fig. 7 presents the
continuous release of drug, with a maximum dissolved mass of
6 mg, 10 h aer the initiation of the experiment.
The in vitro release studies demonstrate that the ITSC investigated does not remain in the polymer for a prolonged period of
time, which could promote antibiotic resistance. Similar polymeric systems with extended release of antibiotics have been
found to be problematic as lingering around at low (subminimum inhibitory concentration (MIC)) values, which can be
a major issue in terms of promoting antibiotic resistance.
The same study was repeated with PU lm though in this
case the results did not show any release. Based on this data and
the images from the AFM, it may also be suggested that due to
the great diﬀerence in the pore diameter and pore density, the
PU lms did not have the optimum features needed such as

substituent in position 5 of ITSCs 2, 3, and 4 may participate in
intermolecular hydrogen bonding with the amide –NH group
further enhancing and stabilizing the molecular networking.
Even though, as showed by Bunz,34 the parameters which aﬀect
the nal honeycomb structure are very diverse and the formation of breath gure arrays presents intricate thermodynamic,
kinetic and entropic characteristic not completely understood,
it is clearly shown in this work that the presence of the ITSCs is
a determining factor for honeycomb structure formation.
In vitro release study
Initially, a drug release investigation was performed using the
lowest hydrophobicity surface of the PMMA surface produced,
by adding 500 mM of ITSC 2 to PMMA in THF. Phosphate buﬀer

12950 | RSC Adv., 2017, 7, 12945–12952

Fig. 6 Amount of ITSC 2 released from 2% w/v PMMA ﬁlm over four
speciﬁc pH sectors (6 h each) at room temperature. The initial
concentration of ITSC 2 was 500 mM.
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Table 7 Summary of release of ITSC 2 results from PMMA ﬁlm performed at 20 mL volume of phosphate buﬀer for a period of 24 h at
room temperature. The peak concentration shows the average
amount dissolved in sector 4 (pH 7.26) reaching the highest value after
1428 minutes

pH range

Mass of dissolved ITSC 2/mg

End of sector 1 (pH 2.04)
End of sector 2 (pH 3.85)
End of sector 3 (pH 5.37)
End of sector 4 (pH 7.26)
Peak concentration (time)

0.00 
0.22 
2.82 
3.14 
4.47 

0.00
0.86
1.72
0.98
0.97 (1428 min)

modifying surface properties and characteristics aiming at their
optimisation in view of their potential as novel coatings of
biomedical devices. ITSCs constitute one of the very few examples in the literature where small organic molecules aﬀect lm
surface characteristics and open new ground for development
in polymer lms.
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high density of pores and smaller pore size to increase the
surface available for the release of drug, to enable the drug to be
released from the surface. Little work has been done in this
area, however, the study carried out by Ponnusamy et al., gave
some insight of the surface behaviour.37 They have determined
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release prole than non-BF lms. In addition, the drug dissolution was completed aer 5 days, followed by the degradation
of the surface.

Conclusions
To further our ongoing investigation on the eﬀect of isatin
thiosemicarbazones on the surface characteristics of spincoated PMMA and PU polymer lms, four diﬀerent ITSCs
were investigated. There was clear indication that both the
structure and the concentration of the molecules aﬀect surface
characteristics in a diﬀerent way. All surfaces formed exhibit
high hydrophobicity and honeycomb arrangements. Moreover,
the concentration dependent manner of inuencing hydrophobicity, roughness and porosity provides strong evidence for
the direct and determining involvement of the additive ITSCs to
the BF eﬀect. The “drug” release studies showed that the ITSCs
were released in a pH-dependent way from PMMA lms while
no release was observed with PU lms. Pore size may have an
eﬀect on ITSC dissolution, however other characteristics of the
polymer lm structure may play a role. In conclusion, the
addition of ITSC to PMMA lms provides a new tool for
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Figure S1. 1H- and 13C- NMR spectra of ITSC 1 in DMSO- d6 at 25 °C

Figure S2. 1H- and 13C- NMR spectra of ITSC 2 in DMSO- d6 at 25 °C
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Figure S3. 1H- and 13C- NMR spectra of ITSC 3 in DMSO- d6 at 25 °C

Figure S4. 1H- and 13C- NMR spectra of ITSC 4 in DMSO- d6 at 25 °C
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