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After decades of intense research, nanomaterials are now an integral part of many applications and
enjoy the attention of a large research community. Intrinsically multidisciplinary, research activities are
spanning from engineering, over physics and chemistry, to biology and medicine. Nanomaterials, as the
name indicates, are extremely tiny, less than a millionth of a meter in size. They encompass exceptional
physical and chemical features which provide them enhanced properties compared to their macroscopic
counterparts, such as higher reactivity and strength, superior thermal and electrical characteristics as
well as functionality. These advantages have led to nanomaterials being included in a broad range of
consumer products. The transport, electronics, cosmetics, healthcare, and sport industries all benefit
from nanotechnology advances. Novel fields have also appeared, such as nanomedicine, which plans
to drastically change our future ability to treat disease.

This Special Issue compiles five selected papers from the Proceedings of the 1st International
Online Conference on Nanomaterials, held 1–15 September 2018 on sciforum.net, an online platform
for hosting scholarly e-conferences and discussion groups. It targets a broad readership of physicists,
chemists, materials scientists, biologists, environmentalists, and nanotechnologists, and provides
interesting examples of the most recent advances in the synthesis, characterization, and applications of
nanomaterials. The papers present very different types of nanomaterials, such as double hydrophilic
branched copolymers of poly(N,N-dimethyl acrylamide) and poly(ethylene oxide) [1], carbon
nano-dots (CNDs)/poly(vinyl alcohol) (PVA) nanocomposites [2], polyacrylamide/SiO2 hydrogel
nanocomposites [3], silicon quantum dots (Si QDs) and iron oxide (α-Fe2O3) nanoparticles [4], and
hexamethylene diisocyanate (HDI)-functionalized graphene oxide (GO) [5]. In the paragraphs that
follow, a concise overview of each of the published articles is provided in order to attract the interest of
potential readers.

Recently, hydrogels have emerged as ideal candidates for numerous biomedical and
biotechnological applications due to their unique physical and biochemical properties [6]. They
comprise very porous and hydrated networks that enable cell encapsulation for tissue engineering,
the loading and release of bioactive molecules for drug delivery, and wound dressing and biosensing
applications [7]. Nonetheless, their poor mechanical performance limits their use in certain applications,
and strong effort has been carried out on improving their properties via incorporation of nanofillers
such as inorganic nanoparticles [8], though the precise mechanisms behind such enhancements are not
fully understood yet. To get more insight into the role of nanoparticles on the mechanical properties
of hydrogel nanocomposites, Zaragoza et al. [3] synthesized chemically crosslinked polyacrylamide
hydrogels reinforced with SiO2 nanoparticles as a model system of study. Rheological experiments
revealed that the improvements induced by means of the nanoparticles surpass the maximum modulus
that can be attained via simply chemical crosslinking. Furthermore, results demonstrate that the

Nanomaterials 2019, 9, 1021; doi:10.3390/nano9071021 www.mdpi.com/journal/nanomaterials1



Nanomaterials 2019, 9, 1021

concentrations of the nanoparticle, monomer, and chemical crosslinker play a key role in mechanical
improvement, which is crucial for their use in a wide range of applications.

Carbon nano-dots (CNDs) represent a novel class of carbon-based nanomaterials with
quasi-spherical shape and ultra-small size of ~10 nm, that has attracted a lot of attention among studies,
owed to their valuable characteristics such as cheapness, biodegradability, strong and broad optical
absorption, and high chemical stability [9]. These extraordinary properties make them useful for
a variety of fields including biosensing, bioimaging, drug delivery, optoelectronics, photovoltaics,
and photocatalysis. In particular, the rich optical and electronic properties of CNDs including
efficient light harvesting, tunable photoluminescence, and superior photoinduced electron transfer
have involved considerable interest in different photocatalytic applications. The addition of CNDs
to polymeric matrices is currently under intense study since they display great potential for light
emitting diodes (LEDs), flexible electronic displays, and other optoelectronic applications [10]. In this
context, Aziz et al. [2] investigated the effect of CNDs on the UV absorption spectra of PVA-based
nanocomposites prepared via solution casting. The existence of CNDs of different sizes well dispersed
throughout the matrix was proved via microscopic observations. In addition, the gradual increase of the
refractive index with increasing CND concentration corroborated the homogeneous distribution of the
carbon nanofillers all over the host PVA. The Infrared spectra and X-ray diffraction data demonstrated
the complex formation between PVA and CNDs. Further, the CNDs caused strong absorptions at 280
and 330 nm assigned to n-π* and π-π* transitions, as well as a reduction in the optical bandgap.

Another highly interesting carbon-based nanomaterial is graphene oxide (GO), the oxidized
form of graphene, which exhibits exceptional properties including high mechanical strength, optical
transparency, amphiphilicity, and surface functionalization capability [11]. Even though, its insolubility
in non-polar and polar aprotic solvents limits certain applications. To work out this matter, new
functionalization approaches are required [12]. In this regard, Luceño-Sanchez et al. [5] prepared
and characterized a series of hexamethylene diisocyanate (HDI)-functionalized GO. Several reaction
conditions were tested to maximize the degree of modification, and comprehensive characterizations
were carried out by means of elemental analysis, Infrared, and Raman spectroscopies to verify the
accomplishment of the functionalization reaction. The surface morphology of the modified samples
was explored by microscopic techniques, which showed a rise in the sheet thickness with increasing
the level of modification. The HDI-GO was found to be more hydrophobic in nature than neat
GO and was easily suspended in polar aprotic solvents such as N,N-dimethylformamide (DMF),
N-methylpyrrolidone (NMP) and dimethyl sulfoxide (DMSO), as well as in low polar/non-polar
solvents like tetrahydrofuran (THF), chloroform and toluene. Further, the dispersibility increased
with increasing degree of modification. Besides, it was found that the covalent bonding of HDI
enhances the thermal stability of GO due to chemical crosslinking between neighboring sheets, which
is advantageous for long-term electronics and electrothermal device applications. These HDI-GO
samples are perfect candidates as nanofillers for the development of high-performance GO-based
polymeric nanocomposites [13,14].

The use of nanomaterials as optical sensors is emerging as a new frontier in nanoscience, which
enables to detect hint analyte of varying kinds (temperature, oxygen molecules, peroxide, disease
biomarkers, etc.) at high precision [15]. Moreover, nanomaterials optical sensing can empower
remote and noninvasive evaluation of microenvironment at a nanometric resolution, providing
unprecedented opportunities for quantifying analytes of interest, such as humidity [16]. Humidity
is present everywhere and is one of the most important physical parameters in semiconductors,
electronics, food processing, and pharmaceutical industries wherever the quality of products is
influenced by water molecules. In this context, Lazarova et al. described a thin film humidity optical
sensor with nanometric thicknesses, 100–400 nm, prepared from double hydrophilic copolymers of
complex branched structures (containing poly(N,N-dimethyl acrylamide) and poly(ethylene oxide)
blocks) [1]. The polymer thin films were deposited on top-covered Bragg stacks with a sputtered
Au–Pd film (30 nm) that bring color for the colorless polymer/glass system, thus enabling transmittance

2



Nanomaterials 2019, 9, 1021

measurements for humidity sensing. The humidity content was quantitatively studied by calculating
the color coordinate alternation using the measured spectra of transmittance. This work provides
a paradigm of using top covered Bragg stacks and polymer/metal thin film structures as sensitive
humidity optical sensors.

Nanomedicine represents the next era for personalized disease prevention and treatment with
better performance and fewer side effects. One important direction of nanomedicine involves the
use of nanocarriers to deliver drugs or prodrugs to intended sites in a stimuli-controlled manner for
precise theranostic treatment and actuation in a living organism [17]. Among various delivery ways,
oral drug administration is still the preferred route in this regard, with advantages including patient
comfort, reduced chances of infection, and minimal invasiveness. However, orally administered
drugs usually have to be assimilated via the gastrointestinal (GI) tract, which then crosses the small
intestinal barrier to reach vascular circulation for intended sites [18]. As such, an in vitro model
to assess intestinal absorption is of paramount importance to mimic the conditions of drug-loaded
nanocarriers in GI. To do so, Strugari et al. co-cultured Caco-2 (cat. no. CRL-2102) cells and human
adenocarcinoma line HT-29 preconditioned in methotrexate (MTX) on a Transwell® systems in a
monolayer [4]. This co-culture model allows for modulating intercellular junction geometry, thereby
fine-tuning the effective permeability of the monolayer by simply adjusting the initial cell seeding ratio
of Caco-2/HT29-MTX (7:3 and 5:5 in the work). The monolayer integrity is assessed by measuring
transepithelial electrical resistance (TEER) using chopstick electrodes inserted in the apical (AP) and
basolateral (BL) compartments of the well. This model was exposed to non-cytotoxic concentration
levels (20 μg/mL) of Si QDs and α-Fe2O3 nanoparticles, quantitatively evaluating their ability to
penetrate through the intestinal mucus barrier, and their influence on the morphological alterations
of the Caco-2/HT29-MTX. However, the obtained results showed that the current surface of these
nanoparticle suspensions prevented them from diffusing across the intestinal model, demonstrating
the importance of nanoparticle surface functionalization to enable them to cross the intestinal barriers.

These papers published in the special issue of the 1st International Online Conference on
Nanomaterials (IOCON) showcase the important roles of nanomaterials to influence science and
technology and human healthcare. We hope that more and more scientists can join the open-access
ICON forum in the future to facilitate the advancement of nanoscience together.
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Abstract: Thin films with nanometer thicknesses in the range 100–400 nm are prepared from double
hydrophilic copolymers of complex branched structures containing poly(N,N-dimethyl acrylamide)
and poly(ethylene oxide) blocks and are used as humidity sensitive media. Instead of using glass
or opaque wafer for substrates, polymer thin films are deposited on Bragg stacks and thin (30 nm)
sputtered Au–Pd films thus bringing color for the colorless polymer/glass system and enabling
transmittance measurements for humidity sensing. All samples are characterized by transmittance
measurements at different humidity levels in the range from 5% to 90% relative humidity. Additionally,
the humidity induced color change is studied by calculating the color coordinates at different relative
humidity using measured spectra of transmittance or reflectance. A special attention is paid to the
selection of wavelength(s) of measurements and discriminating between different humidity levels
when sensing is performed by measuring transmittance at fixed wavelengths. The influence of
initial film thickness, sensor architecture, and measuring configuration on sensitivity is studied.
The potential and advantages of using top covered Bragg stacks and polymer/metal thin film structures
as humidity sensors with simple optical read-outs are demonstrated and discussed.

Keywords: optical sensing; humidity; Bragg stacks; branched polymers

1. Introduction

Humidity is present everywhere and is one of the mostly important physical parameters in
our lives. The accurate monitoring of humidity is significant in semiconductors, electronics, food
processing, and pharmaceutical industries where the quality of products is influenced sufficiently by
the humidity. Humidity control is also essential in museums or archives in order to ensure the correct
storage of artworks. Further, monitoring of relative humidity in office environments is in favor of
human comfort and health and helps achieve hygienic conditions.

The perfect humidity sensor should have high sensitivity, fast response, long-term durability, low
cost, easy detection, and wide dynamic range, i.e., it should operate over a wide range of humidity.
The established technology nowadays is an electrical measurement of humidity [1] where the change
of resistivity, dielectric constant, or the impedance of a sensitive medium, usually metal oxide thin film,
is used [2,3].

In recent years, optical sensing of humidity has gained increasing interest and great research
efforts have been put in this field [4,5]. Optical sensors operate at room temperature and do not require

Nanomaterials 2019, 9, 875; doi:10.3390/nano9060875 www.mdpi.com/journal/nanomaterials5
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an electrical power supply, which makes them suitable for flammable and harsh environments and
enables operation at high pressures as well. Optical fiber humidity sensors are the most widely spread
optical sensors for humidity. Different materials have already been used for their functionalization such
as agarose gel [6], graphene oxide [7], polyvinyl alcohol [8], etc. The main disadvantage of this type of
sensor is the cost of optical equipment, particularly spectrometers and optical spectrum analyzers.

Cost effective and relatively simpler approaches are color sensing of humidity or monitoring of
appropriately chosen optical parameters that change with humidity. In the first approach the detection
is performed by visual inspection of color, or color monitoring by an inexpensive camera [9–11].
Different photonic structures have been utilized: reflection holograms [9,10], Bragg stacks [12], and 2D
and 3D photonic crystals [11,13]. In the second approach the swelling of a sensitive medium [14] or the
transmittance power [15] are measured with humidity.

Polymers attract considerable interest as optical sensing materials due to the advantageous
features such as flexibility, light weight, ease of processability, useful mechanical properties, and
compatibility with oxides and ceramics [2,3]. In general, natural or synthetic polymers such as
hydroxyethyl cellulose, chitosan, poly(methyl methacrylate), polyaniline, poly(vinyl alcohol), and
poly(ethylene oxide) are used in optical sensors in the form of films, beads, micro-rods, nano-spheres,
etc. [16–18]. Along with the use of single commodity polymers and polymer–inorganic composites,
various copolymers [19–22], hybrid structures [23,24], and smart copolymers [25] are synthesized and
their optical properties studied in an attempt to address the specific requirements arising from the
diverse potential applications.

It is already demonstrated that thin films with submicron thicknesses exhibit faster swelling
than bulk hydrogels [26]. We have already shown that in order to achieve a large response in terms
of swelling, the polymer thin film must have the right chemistry and the right macromolecular
structure [22]. However, the geometry of measurements and the design of the sensor, for example
thickness, substrate type, sublayer, top layer, etc., also have considerable impact on sensor sensitivity.

In this paper, for detection of humidity we use transmittance measurements because they
are simpler, more accurate, and less expensive compared to reflectance measurements. Moreover,
observing sample color in transmittance mode, i.e., using the light transmitted through the sample,
could overcome to a great extent the ambiguity related to the angle dependence of the color when
reflectance mode is used. We study two sensor configurations. In the first one we deposit the sensitive
film on top of the Bragg stack, instead of incorporating it in the stack’s backbone, thus overcoming
possible issues of incompatibility that may arise when organic and inorganic materials are used for
the stack. The second sensor configuration is comprised of a thin metal sublayer deposited on glass
substrate and top-covered with the sensitive polymer film. The metal sublayer has dual purposes: to
provide color for colorless polymer film and to increase the optical contrast between the polymer and
glass substrate that have almost the same refractive indices (around 1.5).

In this study we prove the concept of utilization of top covered Bragg stacks and polymer/metal
thin films as optical sensors for humidity. As humidity sensitive media we use thin films of
previously developed multiblock copolymer with branched macromolecular architecture comprised of
poly(N,N-dimethyl acrylamide) (PDMA) and poly(ethylene oxide) (PEO) segments [22]. The humidity
sensing ability are demonstrated through both transmittance measurements and calculation of CIE
(International Commission on Illumination) color coordinates at different relative humidity in the
range 5–90% relative humidity (RH). The impact of initial film thickness, sensor architecture, and
measuring configuration on sensitivity is studied and discussed.

2. Materials and Methods

The monomer N,N-dimethylacrylamide (DMA) was purchased from Sigma–Aldrich (Steinheim,
Germany) and purified from inhibitor by passing through a column of basic alumina before use.
Poly(ethylene oxide) of molar mass 2000 g·mol–1 (PEO2000) was supplied from Fluka (Buchs,
Switzerland). Initiator diammonium cerium (IV) nitrate (NH4)2Ce(NO3)6 and crosslinker poly(ethylene
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glycol) diacrylate of reported average Mn 575 (PEGDA) were purchased from Sigma–Aldrich as well.
Other solvents and reagents were of standard laboratory reagent grade and used as received.

The synthesis of the copolymer is described in detail in our previous papers [22,27]. Briefly,
a redox polymerization of N,N-dimethylacrylamide (DMA) in deionized water was carried out
using ammonium cerium (IV) nitrate as the initiator. Poly(ethylene oxide) and poly(ethylene glycol)
diacrylate were implemented as a hydroxyl functionalized initiating moiety and as a cross-linker,
respectively. The polymerization was carried out for 3 hours at 35 ◦C in nitrogen atmosphere under
vigorous stirring and terminated by diluting the reaction mixture with methanol (1:1 volume ratio).
The copolymer solution thus obtained was used for thin polymer film deposition without further
isolation or purification. In order to control the thickness of the films, the copolymer solution was
diluted to the appropriate concentration by using a water/methanol mixture (1:1 volume ratio).
Chemical structure of the copolymer is schematically presented in Figure S1.

Thin polymer films with thickness of 100, 200, 300, and 400 nm were deposited by the spin-coating
method at a rotation speed of 4000 s−1 and duration of 60 s using polymer solutions with concentrations
of 4, 6.25, 7.3, and 8.3 g L−1, respectively. A post deposition annealing at 180 ◦C for 30 min in air was
applied to all films. Silicon wafers, Bragg reflectors, and Au–Pd coated glasses were used as substrates.
Five- and seven-layer Bragg reflectors were prepared on glass substrates by alternating deposition
of sol-gel Nb2O5 [28] and SiO2 [29] films or dense and porous Nb2O5 films [30]. The reflectors were
designed in a way that their stop bands were in the visible spectral range. The Au–Pd sublayers
with thicknesses of 15, 30, and 70 nm were deposited on glass substrates by cathode sputtering of
gold/palladium target (Quorum Technologies) for 15, 60, and 90 seconds, respectively, under vacuum
4× 10−2 mbar using a Mini Sputter Coater SC7620 system. The thickness and diameter of the target were
0.2 and 57 mm, respectively. The purities of gold and palladium were 99.99% and 100%, respectively,
and Au:Pd ratio was 80:20. The Au–Pd layers’ thickness was determined using mechanical profilometer
Talystep (Rank Taylor Hobson, Leicester, UK) and confirmed by 3D optical profiler (Zeta 20, Zeta
Instruments, Milpitas, CA, USA).

Refractive index, extinction coefficient, and thickness of polymer films were calculated using
previously developed two-stage nonlinear curve fitting of reflectance spectra measured with
UV-VIS-NIR spectrophotometer (Cary 5E, Varian, Melbourne, Australia) at normal light incidence [28].
The accuracy is 0.01, 0.005, and 1 nm for the refractive index, extinction coefficient, and thickness,
respectively. The sensing behavior was tested by measuring in-situ transmittance or reflectance spectra
at different levels of relative humidity (RH), realized using a homemade bubbler system that generates
vapors from liquids [31]. The exact values of RH were obtained from a reference humidity sensor
placed in the measuring cell. In order to check the applicability of the studied samples for color sensing
of humidity, CIE color coordinates were calculated at each humidity level [32] and plotted on X–Y
color space. Measured transmittance or reflectance spectra of the samples were used for calculation of
CIE color coordinates.

Indeed, the reflectance and transmittance spectra of the obtained thin polymer films were registered
in at least three consecutive experiments for each film sample. As the reflectance and transmittance
data points derived from the subsequent experiments were practically equal, standard deviations
were not added to the figures in the manuscript. The reported accuracy of the spectrophotometer
measurement is 0.1% for transmittance and 0.26% for reflectance.

The sensitivity of the sensors S, measured in % per % RH, was calculated according to the
following equation:

S =
ΔR

RH2 −RH1
(1)

where ΔR (or ΔT, if transmittance T is measured) is the change of sensor’s reflectance (or transmittance)
in % which is provoked by the alteration of relative humidity from RH1 to RH2.
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The accuracy/resolution of detection (ΔRH), measured in % RH, was calculated by Equation (2):

ΔRH =
errR (%)

S (%/%RH)
(2)

where errR (or errT, if T is measured) is the experimental error (measurement accuracy) of R or T and S
is the sensitivity, calculated by Equation (1).

3. Results and Discussion

When polymer film or hydrogel are exposed to high humidity the polymer chains swell due to
the penetration of moisture inside the film and as a result they change their thickness, i.e., swelling is
observed. Simultaneously, a drop in refractive index takes place due to the reduced density of the
film [32]. It may be expected that the degree of swelling depends on the initial thickness of the film.
Therefore, the first step of our investigation concerns this dependence. Two possible approaches for
conducting this study exist: measuring reflectance or transmittance of the films at different humidity
levels or to calculate the change of film thickness with humidity. In our work we choose to monitor the
thickness change because film thickness is an intrinsic physical parameter and, unlike transmittance
and reflectance, it is independent of other parameters such as refractive index, wavelength, substrate
type, etc.

Thin polymer films with different thicknesses (from 100 to 400 nm) were deposited on Si-substrate
and exposed sequentially to relative humidity of 5% RH and 70% RH. Reflectance spectra of the films
were measured at both humidity levels and optical constants and film thicknesses were determined
using non-linear curve fitting [28]. Reflectance spectra of 100 nm and 300 nm thick films are presented
in Figure 1a,b, respectively. The increase of the number of interference peaks and decrease of their
intensity are clearly seen in the case of thicker films (Figure 1b). The first observation indicates the
increase of the thickness of the film when it is exposed to high humidity levels, while the decrease of
fringe intensity confirms the decrease of the refractive index associated with the drop of film density
that is in correlation with our previous results [32]. The relative thickness increase Δd (in percent), i.e.,
the swelling, is calculated according to Equation (3):

Δd =

(
d70% − d5%

d5%

)
× 100

where d70% and d5% are the calculated film thicknesses at relative humidity of 70% RH and 5%
RH, respectively.

Δ 
d 

 
Figure 1. Left: Reflectance spectra at relative humidity (RH) of 5% and 70% of polymer films with
initial thickness of 100 nm (a) and 300 nm (b) deposited on Si substrate; Right: Relative thickness
change Δd (in percent) of thin polymer films with initial thicknesses in the range 100–400 nm due to the
change of humidity from 5% RH to 70% RH (c).
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Figure 1c presents relative thickness change as a function of initial polymer film thickness, i.e.,
the film thickness at 5% RH. It is seen that for all samples the exposure from low to high humidity
leads to an increase of the films thickness. However, the degree of swelling depends strongly on the
initial thickness of the films and it is the highest for 300 nm thick film. It is seen that Δd increases
with thickness: 26%, 73%, and 97% for polymer films with initial thicknesses of 100, 200, and 300 nm,
respectively. For the film with initial thickness of 400 nm a small decrease in Δd is observed (84%)
compared to those of an initial thickness of 300 nm. The possible reason for the thickness dependence
of the swelling is the adhesion to the substrate. It could be expected that the influence of substrate
adhesion is the strongest for the thinnest film and decreases gradually with thickness. This explains
the fourfold increase in swelling of polymer film with a thickness of 300 nm, as compared to this with
a thickness of 100 nm.

In order to determine the response time of both thin (100 nm) and thick (300 nm) polymer films
we deposited them on glass substrate and monitored the temporal change of transmittance at fixed
wavelength (λmax) when the humidity in the measuring cell goes continuously from 5% RH to 80%
RH. Figure 2a presents the temporal change of the humidity in the cell measured by the reference
humidity sensor. Figure 2b presents the temporal dynamic of transmittance of thin polymer films
with thicknesses of 100 and 300 nm deposited on glass substrate measured at selected wavelengths
when the humidity in the cell changed continuously from 5% RH to 80% RH following the dependence
presented in Figure 2a. The monitoring wavelength λmax is selected as the wavelength at which the
humidity response is the strongest. Considering that the transmittance and reflectance of thin films
are non-linear functions of film thickness (Figure S2) it is obvious that λmax depends on the film’s
optical constants and thickness as well as on the type of substrate used. Glass substrate is selected for
this experiment because the oscillatory behavior of the transmittance versus thickness curve is not so
strong as compared to the case of the reflectance versus thickness curve when silicon substrate is used
(Figure S3).

Δ 
T

 

 
Figure 2. Left: (a) Temporal change of the humidity in the cell measured by the reference humidity
sensor; (b) temporal change of transmittance of thin polymer films with denoted thicknesses deposited
on glass substrates when humidity changes gradually from 5% RH to 80% RH; Right: (c) Normalized
signal for temporal changes of humidity and transmittance of polymer films with thicknesses of 100
and 300 nm.

To study the delay of our sensors relative to the reference sensor, we normalized the measured
humidity and transmittance curves and plotted them in Figure 2c. The comparison to a reference
sensor shows a delay for low humidity, i.e., at the beginning of measurements that vanishes for RH
values greater than 50% RH. For example at 10% RH and 20% RH the delay is 8 and 6 s, respectively,
and it decreases to 4 s for 30% RH and 40% RH. Interestingly both polymer films react similarly to the
change of humidity and there is no delay for the thicker film in respect to the thinner one. For a rapid
change of humidity from 50% RH to 95% RH, achieved by blowing of humid air, the change of color is
almost instant. The sensor recovers rapidly when blowing is off.
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We have already demonstrated that when humidity is increased, the thickness of all studied
polymer films increases as compared to its initial value. Besides, the swelling depends on the initial
film thickness and has a maximal value for 300 nm thick film. Further, it is interesting to study how the
film thickness changes with humidity, i.e., the humidity dependence of film swelling.

Reflectance spectra at relative humidity of 5, 40, 60, and 90% RH of thin polymer films with
thickness of 100, 200, and 300 nm deposited on silicon substrate are presented in Figure 3a–c. For
all films substantial change of reflectance spectra with RH is observed. Spectra are further used for
calculation of the thickness of the films [28].

ddd dd dd dd

 

Figure 3. Reflectance spectra at denoted relative humidity values of thin polymer films with thickness of
100 nm (a), 200 nm (b), and 300 nm (c) deposited on silicon substrates. Growth of film thickness with
relative humidity for thin polymer films with initial thicknesses of 100 nm (d), 200 nm (e), and 300 nm (f).

The swelling dynamic, i.e., the growth of film thickness with relative humidity, is shown in
Figure 3d–f. For the thinnest film an almost linear dependence of d versus RH is obtained in the
whole studied RH range (5–90% RH). This is beneficial for using the film as a sensing medium for a
wide range of humidity. Similar linear dependence is obtained for 200 nm thick film in 40–90% RH.
The expansion of the thickest film is exponential with the increase of the relative humidity and changes
from 314 nm at 5% RH to 965 nm at 90% RH. The overall change of film thicknesses is 31%, 127%, and
207% for 100, 200, and 300 nm thick films, respectively.

Considering the substantial change in thickness with humidity, we could expect also considerable
change of color. If it turns out this is the case, the films could be used as color indicators for humidity.
However, first the evolution of color with humidity should be investigated. Using the measured
reflectance spectra of films at different humidity we calculated the CIE color coordinates [32] and
plotted them in X–Y color space (Figure 4).

The color of the thinnest film is almost the same for RH values in the range from 5% to 40% RH and
starts to change gradually from dark blue to light blue for RH higher than 40%. The color coordinates
are well separated in the color space thus enabling color sensing of humidity in the range 40–90% RH.
Although the thickness values at 5% RH and 90% RH are quite different for thicker films, 202 and
456 nm, respectively, the colors of the films at these humidity levels are very similar (Figure 4b—red
and green circles are close to each other). The reason is the periodicity of transmittance and reflectance
and respectively of colors with optical thickness of the films (see Figure S2). Remaining points are well
separated in X–Y color space (Figure 4b). This means that distinct colors will be observed in a wide
humidity range, thus making the 200 nm film suitable for color sensing. When analyzing the color
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coordinates with humidity for the thickest film (300 nm) (Figure 4c) a conclusion could be made that it
is suitable for color sensing in the range 5–60% RH. The sensitivity will be the highest because the
separation of the points is the most distinguished and unambiguous in this case.

Figure 4. CIE color coordinates for polymer films with initial thickness of 100 nm (a), 200 nm (b), and
300 nm (c) deposited on silicon substrate and exposed to different humidity levels starting from 5% RH
(red circle) and ending at 90% RH (green circle). The middle values are 30%, 40%, 50%, 60%, 70%, and
80% RH.

The main drawback when color sensing is used is the dependence of the color on the viewing
angle. The observer cannot be sure whether the color change is due to the humidity change or it is
because of his position during the color inspection. It is well known that reflectance and transmittance
are functions of the incident angle of the light. Because the color perception of the observer is associated
with reflectance or transmittance spectra, their change with incident angle of light results in different
colors observed at different viewing angles. For example Figure 5 presents pictures of polymer films
with different thicknesses deposited on silicon substrate at three viewing angles—10, 30, and 40 degrees.
The change of the color with viewing angle for the thickest film is well seen. Fortunately, for thinner
films the color changes are not so distinctive. Indeed, for the thinnest one the color change with angle
is slightly noticeable.

Figure 5. Pictures of polymer films with thicknesses of 100, 200, 300, and 400 nm deposited on silicon
substrate at three viewing angles—10, 30, and 40 degrees.

Another possible approach to sensing is monitoring of signal (transmittance, T or reflectance, R) at
a fixed wavelength, λmax. As mentioned above, because T and R are nonlinear functions of n, k, d, and
λ, the selection of λmax is not a trivial task and has an important role in detection. For example, if we
pick a wavelength of 550 nm for λmax for polymer with a thickness of 100 nm (Figure 3a), the measured
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R will increase gradually with RH in an approximately linear manner. However, if λmax = 700 nm than
R versus RH dependence will exhibit strong nonlinear behavior.

The humidity dependence of reflectance for different λmax is shown in Figure 6 for all studied
samples. For the thinnest one (Figure 6a), the most appropriate λmax is 550 nm. It is seen that at a
wavelength of 550 nm the R versus RH dependence is almost linear in the whole humidity range
(Figure 6d) and the calculated sensitivity is 0.13% (Equation (1)). If one assumes that the reflectance
measurement error is 0.26%, then the lowest humidity step that could be discriminated by the sensor
will be 2% RH. Further, if 300 nm thick polymer film is used as sensitive medium and the reflectance
of the film is monitored at λmax of 600 nm a twice as high sensitivity of 0.26% could be achieved
(the higher incline of the curve R vs. RH in this case is well seen in Figure 6a). This means that the
resolution of the sensor will be 1% RH, which is a very good achievement. Unfortunately, the dynamic
range of the sensor is limited. This film can be utilized for humidity measurements up to 50% RH.

λ

 

Figure 6. Reflectance at different wavelengths λmax measured as a function of relative humidity for
films with initial thicknesses of 100 nm (a), 200 nm (b), and 300 nm (c) deposited on silicon substrates.
The best results were obtained for thin film with an initial thickness of 100 nm (blue triangles) and
300 nm (cyan diamonds) (d).

From a technological point of view it is more convenient to monitor the transmittance of the film
rather than the reflectance. Transmittance measurements are easier to be performed. Besides, they are
more accurate and inexpensive. When signal is measured in transmittance mode the angle of incidence
could be zero (the so called normal incidence) and the ambiguities associated with angle dependence
of color are overcome to the great extent. However, to make transmittance measurements possible, a
transparent substrate is required. The cheapest option is to use glass or plastic substrates but in our
case they are not suitable because their refractive indexes match the refractive index of polymer thin
film and the accuracy drops substantially. Besides, no color will be observed.

Recently we have shown [27,32] that Bragg stacks that exhibit structural colors could be used
as transparent substrates. Briefly, Bragg stacks are multilayered systems comprised of alternating
layers with low and high refractive indices and quarter-wavelength optical thickness. Because of the
quarter-wavelength optical thickness all waves reflected from the layer boundaries in the stack are in
phase and interfere constructively. As a result a band of high reflectance appears that is responsible for
the observed coloring of the stack. On the contrary, all waves transmitted from different boundaries
are out of phase and a band of low transmittance, called a stop band, is generated.
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Another advantage of using a Bragg stack as a transparent substrate is illustrated in Figure 7a
which presents the pictures of 5- and 7-layer Bragg stacks covered with 300 nm thick polymer films at
three different viewing angles. It is seen that the change of the color with viewing angle is weaker as
compared to the case of the same film deposited on silicon substrate (Figure 5). This will be beneficial
for utilization of polymer top-covered Bragg stacks for color sensing of humidity.

 

 

(a) (b) 

Figure 7. (a) Pictures of 5- and 7-layer Bragg stacks covered with polymer film with thicknesses of 300 at
three viewing angles—10, 30, and 40 degrees; (b) calculated humidity-induced change of transmittance,
ΔT, of 5-layer Bragg stacks covered with polymer film with different thicknesses.

In order to achieve the highest sensitivity, we optimized the polymer film thickness through
theoretical modeling. The calculated humidity induced change in transmittance (ΔT) of 5-layer Bragg
stacks covered with polymer films with different thicknesses in the range 100–400 nm is shown in
Figure 7b. It is seen that ΔT increases with the thickness of the polymer film reaching a steady state
for thicknesses higher than 250 nm. Therefore, in the next step of our investigation we use polymer
films with a thickness of 300 nm and deposit them on four different Bragg stacks comprised of five
and seven alternating layers of Nb2O5/SiO2 and dense/mesoporous Nb2O5. Our previous results have
indicated that the characteristics of stacks, such as operating wavelength, number of layers, optical
contrast, etc., do not substantially influence the sensitivity [27]. Still, the best results were obtained for
the 5-layer stack consisting of Nb2O5 and SiO2 layers.

Transmittance spectra of the sample at different humidity levels are presented in Figure 8a. In the
RH range 5–25% the spectra are almost the same. With increasing humidity, a substantial change is
observed. For RH = 30% the shape of the spectra changes; the long-wavelength peak almost disappears,
while the short-wavelength one becomes more distinct. With further increase of humidity a shift of the
peak toward longer wavelengths takes place.

 

Figure 8. Transmittance spectra (a), transmittance values at λmax of 650 nm (red circles) and 730 nm
(black squares), (b) and calculated CIE color coordinates (c) of 5-layer Bragg stacks top-covered with
300 nm polymer film exposed to denoted levels of relative humidity.
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The detailed study of the spectra reveals that the most appropriate wavelengths (λmax) for
measuring T are 650 and 730 nm (Figure 8b). The obtained sensitivities are 0.37% and 0.13% with
dynamic ranges of 40–80% RH and 25–70% RH, respectively. Very good linear dependence of T
versus RH is obtained in both cases. Furthermore, the achieved resolutions of detection are very high:
0.3% RH in the 40–80% RH range and 0.8% RH at 25–70% RH. They are calculated with the aid of
Equation (2), considering 0.1% experimental error in T.

Although the sensitivity and resolution are high, an ambiguity exists due to the same T-values at
different RH (dotted horizontal lines in Figure 8b). For example, the same T will be measured at 25%
RH and 54% RH, or at 64% RH and 90% RH, or at 70% RH and 84% RH (the dotted horizontal lines)
and the observer will need additional measurements to discriminate between them. We have shown
that this could be overcome if color sensing is used simultaneously. Figure 8c presents the calculated
color coordinates in transmission mode for relative humidity of 25% and 54%. The points are well
separated in the color space thus assuring unambiguous detection of humidity because the observed
color of the sample will be different at 25% and 54% and it will not be difficult to discriminate between
the two RH levels. The results for other points of ambiguity are very similar and are presented in
Figure S4.

Another approach that we consider for humidity sensing by transmittance measurements is
implementation of thin metal film deposited on transparent substrate as a transducer. The metal film
should be sufficiently thin in order to allow transmittance measurements to be performed. Figure 9a
presents transmittance spectra of polymer/metal structures with varying thickness of Au–Pd thin films
(15, 30, and 70 nm) and polymer film with a thickness of 300 nm deposited on top. It is seen that T
decreases with the thickness of the Au–Pd film from 74% to 33% (the values are at a wavelength of
650 nm). For further experiments we selected Au–Pd film with a thickness of 30 nm because it has an
average transmittance of 50%. The change of T spectra with humidity is shown in Figure 9b. As in
the case of R of single film on opaque substrate (Figure 3a–c), the number of the interference peaks
increases and their intensity decreases, which indicates an increase of thickness and a decrease of
refractive index with humidity.

 
Figure 9. (a) Transmittance spectra of Au–Pd films with thicknesses of 15, 30, and 70 nm sputtered on
glass substrates and covered with polymer film with a thickness of 300 nm. (b) Transmittance spectra
of the system polymer (300 nm)/Au–Pd (30 nm)/glass at denoted humidity.

The dependence of T on humidity for the polymer/metal system is shown in Figure 10a. The most
appropriate wavelength for measuring T is 700 nm. Two linear ranges in T versus RH dependence are
clearly seen. The sensitivity is 0.14% for RH = 25–70% and increases to 0.39% for higher humidity
(RH = 70–90%). The respective resolutions are 0.7% RH and 0.3% RH. As in the case above, when using
samples comprised of polymer and metal film, ambiguity in the sensing also exists due to the same
T-values at different RH. In this case, the discrimination between different RH values is also possible
if the color of the sample is monitored simultaneously. Figure 10b,c illustrates the different colors,
observed in transmission mode, for the two pairs of RH: (25%, 87%) and (40%, 81%), respectively.
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Figure 10. Humidity dependence of transmittance values at λmax = 700 nm (a) and calculated CIE color
coordinates (b,c) of polymer (300 nm)/Au–Pd film (30 nm)/glass exposed to denoted levels of relative
humidity. The blue numbers denote transmittance values measured at a wavelength of 430 nm.

Instead of observation of color, the discrimination between RH with the same transmittance values
is possible if a second wavelength is used for monitoring of T. As an example, the values of T measured
at wavelength of 430 nm are presented as blue numbers in Figure 10a. It is seen that the difference
varies between 2.2% and 4.4%, which is sufficient to distinguish different RH exhibiting the same T
values at 700 nm.

The obtained results are summarized in Table 1. The widest dynamic range of sensing is obtained
for polymer with a thickness of 100 nm deposited on silicon substrate. For sensing, monitoring of
reflectance should be applied. Further, it is seen that the implementation of thin metal film as a
substrate for 300 nm polymer film is beneficial for increasing the sensitivity and resolution of humidity
sensing and enables monitoring of transmittance instead of reflectance. The narrowing of dynamic
range is acceptable.

Table 1. Dynamic range, RH, sensitivity, S, and resolution, ΔRH, calculated from Equations (1) and (2),
respectively, measured signal type for detection, and sensitive medium.

RH (%) S (%/% RH) ΔRH (%) Signal Medium

5–90 0.13 2 R at 550 nm 100 nm/Si
5–50 0.26 1 R at 600 nm 300 nm/Si

40–80 0.37 0.3 T at 650 nm 300 nm polymer on Bragg stack
25–70 0.13 0.8 T at 730 nm 300 nm polymer on Bragg stack

25–90 0.14 (25–70)
0.39 (70–90)

0.7 (25–70)
0.3 (70–90) T at 430 and 700 nm 300 nm polymer on Au/Pd (30 nm)

As mentioned in the Introduction section, the most widely spread and sensitive technology for
humidity sensing is fiber optic sensing. Unfortunately they have disadvantages of relatively high cost
of optical equipment, particularly spectrometers and optical spectrum analyzers, and complicated
preparation of sensitive elements, especially in the case of side-polished optical fibers. The sensitivity
of fiber optic sensors is calculated as nm per % RH because usually for detection the wavelength shift of
the signal dip is monitored. The sensitivity values reported in the literature vary in a broad range from
0.023 nm/% RH to 1.01 nm/% RH [33]. In order to make a comparison with our sensor, we calculated
the resolution using Equation (2) assuming wavelength accuracy of 0.1 nm. The calculated values
vary from 4.3% RH to 0.1% RH. Therefore, the value of 0.3% RH achieved by our sensor is very close
to the best reported resolution of optical humidity sensing so far. Furthermore, the proposed sensor
has the advantages of simple preparation and simple detection. The good sensitivity and resolution
along with the technological convenience make the presented sensors very promising and give them
important advantages over the widely spread fiber optic sensors.
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4. Conclusions

The concept of using polymer top-covered Bragg stacks and polymer/metal thin film structures
for optical sensing of humidity was verified and confirmed. The sensing medium was a thin film of
branched poly(N,N-dimethylacrylamide)-based copolymer with optimized thickness. The sensitivity
and resolution of detection as well the dynamic range were compared to the case of single film on
silicon substrate. The widest dynamic range of sensing (5–90% RH) was obtained for polymer with a
thickness of 100 nm deposited on silicon substrate. The sensitivity was 0.13%, while the resolution
was 2% RH. The disadvantage to this method is that, in this case, monitoring of reflectance should be
applied. The optimal sensing configuration was a 300 nm thick polymer film deposited on a Au–Pd
thin film with a thickness of 30 nm and measuring transmittance signal at two appropriately chosen
wavelengths. A sensitivity of 0.14 % was achieved for the 25–70% RH range, which increased to 0.39%
for higher humidity (70–90% RH). Relative humidity of 0.7% and 0.3% could be resolved, respectively.
There was a narrowing of the dynamic range (25–90% RH), which is acceptable. When a top-covered
Bragg stack was used as a humidity sensor a sensitivity of 0.37% and resolution of 0.3% RH could be
achieved for a relative humidity range of 40–80% RH.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/6/875/s1,
Figure S1: Schematic presentation of the structures of multiblock copolymer with branched macromolecular
architecture comprised of poly(N,N-dimethyl acrylamide) (PDMA) and poly(ethylene oxide) (PEO) segments;
Figure S2: Calculated transmittance and reflectance at a wavelength of 600 nm of transparent thin film with a
refractive index of 1.5 deposited on glass substrate as a function of thickness; Figure S3: Calculated transmittance
and reflectance at wavelengths of 600 nm (left) and 800 nm (right) of transparent thin film with a refractive index
of 1.5 deposited on glass substrate and silicon wafer as function of thickness; Figure S4: CIE color coordinates of a
5-layer Bragg stack top-covered with 300 nm polymer film exposed to denoted levels of relative humidity.
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Abstract: In this work the influence of carbon nano-dots (CNDs) on absorption of ultra violet (UV)
spectra in hybrid PVA based composites was studied. The FTIR results reveal the complex formation
between PVA and CNDs. The shifting was observed in XRD spectrum of PVA:CNDs composites
compared to pure PVA. The Debye-Scherrer formula was used to calculate the crystallite size of CNDs
and crystalline phases of pure PVA and PVA:CNDs composites. The FESEM images emphasized
the presence and dispersion of C-dots on the surface of the composite samples. From the images,
a strong and clear absorption was noticed in the spectra. The strong absorption that appeared peaks
at 280 nm and 430 nm can be ascribed to the n-π* and π-π* transitions, respectively. The absorption
edge shifted to lower photon energy sides with increasing CNDs. The luminescence behavior of
PVA:CNDs composite was confirmed using digital and photo luminescence (PL) measurements.
The optical dielectric constant which is related to the density of states was studied and the optical
band gap was characterized accurately using optical dielectric loss parameter. The Taucs model was
used to determine the type of electronic transition in the samples.

Keywords: carbon nanodots; hybrid polymer composites; FTIR study; XRD study; optical properties

1. Introduction

Since the invention of carbon nano-tubes (CNTs), carbon-based nano-materials have been widely
investigated. Carbon quantum dots (CQDs) currently represent the newest class of carbon-based
materials as a potential alternative to CNTs for sustainable applications [1]. Carbon nano-dots (CNDs)
as a new carbon nano-material with discrete, quasi-spherical carbon nano-particles and ultrafine size
of almost 10 nm can be used as a building block for fluorescence systems [2]. Several advantageous
characteristics of C-dots, such as an abundance of carbon sources, low cost, biodegradability and
brilliant fluorescence behavior, make these new materials widely applicable. Moreover, chemical
stability in the colloidal solution state, inertness and relatively high resistivity to photo-bleaching
also make C-dots superior over traditional fluorescent organic dyes and semiconductor quantum
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dots [3]. Recently, has obviously been shown that CNDs have diversity in applications, for instance
for biomedical imaging, catalysis, bio-imaging, drug delivery, energy, photovoltaic devices and
optoelectronic purposes [2,3]. Because of the abundance of oxygen/hydrogen-containing species
such as –OH and –COOH on the surfaces of CNDs, they are chosen as fillers to enhance the hydrogen
bonding [4]. Lately, carbon nano-dots (CNDs) have emerged as a new family of light-harvesting
materials with remarkable advantages including strong and broad optical absorption, high chemical
stability, excellent electron- and hole-transfer capability, and low toxicity [5]. The incorporation of
CDs within polymer matrices is under intense study and thus can be utilized in many photonic
and optoelectronic applications and integrated in real devices [6]. Organic–inorganic composites are
designed for new eras of optical, nonlinear optical, electronic devices and biological labels [7]. As far
as we know, polymer nano-composites have attracted the attention of many research groups because
of their unique physicochemical properties and wide applications. Moreover, the incorporation of
C-dots into solid polymer matrices prevents nano-particles coagulation; as a consequence, higher
stability is noticed relative to the colloidal solution counterparts [8]. It is well-known that before
applying the organic composites into the devices, their optical properties and morphological profiles
have to be characterized. This is due to the fact that any tiny alteration may cause fluctuation in the
performance [9]. Herein, poly (vinyl alcohol) (PVA) is considered an attracting artificial polymer that
is benign and water soluble, in addition to a relatively high dielectric constant and an excellent film
forming capability. All these valuable properties of this polymer can be ascribed to this backbone
structure that enables it to form hydrogen bond; as a result, hydrophilic nature dominates and cross
linking ability increases with the doping materials [10,11]. In the past decade, immense focus has been
devoted to the composites with high transparency and luminescence behavior which have various
applications in light emitting devices. Specifically, CD semiconductors are superior to the others in
terms of light stability and low toxicity [12]. However, the luminescence-quenching process induced
by the particle aggregation limits the application of CDs concerning color tunability and white light
fabrication in solid-state illumination systems. The aggregation of CD particles can effectively be
avoided via combination with polar polymers [13]. In the current work, a polar, thermo-stable, chemical
resistive, easily processible and transparent PVA was used as a hosting polymer in the fabrication of the
composite [8]. Recently, extensive research interest has been focused on the improving understanding
of the nature of charge transport from the valence to conduction band. This involves attempts to
synthesize polymer composites with different ratios between CNDs and the PVA hosting polymer.

2. Synthesis of CDs and Preparation of Polymer Composites

PVA used in this study was supplied by Sigma-Aldrich (Kuala Lumpur, Malaysia). PVA:
CNDs polymer nanocomposite films were prepared by the well-known solution casting technique.
Hydrothermal treatment of glucose resulted in the formation of the yellow carbon nano-dots (CNDs),
as follows: 1 g of glucose was dissolved in 5 mL of concentrated phosphoric acid and the resulting
solution was colorless. The solution was then heated in a water bath at (80–90) ◦C for (20–30) minutes
until a dark brown solution was obtained. The solution was cooled down to the room temperature
and the pH was adjusted between 3 and 4 using dilute NaOH, afterwards, it was left overnight.
The purification of CNDs was conducted using chloroform and then evaporation of the chloroform
was performed. The mass of the synthesized CNDs (5 mg) was obtained by subtracting the mass of the
beaker from the one of the beakers plus the CNDs. A homogeneous solution of CNDs was obtained by
adding 45 mL of distilled water to the CNDs with continuous stirring.

In the preparation of PVA solution, 1 g of PVA was dissolved in 50 mL of distilled water.
Afterwards, it was left under continuous stirring at room temperature for 24 hrs until the whole
polymer was completely dissolved. As a result, a clear and viscous solution was gained. The final
step is preparation of the polymer nano-composite by adding a different portion of CD into a separate
container containing PVA solution under a continuous stirring condition. All sample solutions are
labeled as CND0, CND1 and CND2 correspond to incorporated PVA solution with 0 mL, 15 mL
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and 30 mL of 5 mg of dissolved CNDs, respectively. These solutions are further stirred until a
homogenous state was achieved. The samples were casted in Petri dishes, and then left for drying at
room temperature to allow the film to be formed. The film thickness was controlled in the range of
120–121 μm using constant amount of PVA. Further drying was obtained by transferring the sample
solutions into desiccators in an attempt to gain solvent free-films.

3. Characterization Techniques

X-ray diffraction (XRD) data were collected at room temperature using a diffractometer (Bruker
AXS, Billerica, MA, USA) operating at a voltage of 40 kV and a current of 40 mA. The samples were
scanned with a monochromatic X-radiation beam of wavelength λ = 1.5406 Å and the glancing angles
were in the range of 5◦ ≤ 2θ ≤ 80◦ with a step size of 0.1◦. UV-vis absorption spectra were measured
on a Jasco V-570 UV-Vis-NIR spectrophotometer (Jasco SLM-468, Tokyo, Japan) in the absorbance
mode. The formation of CNDs-PVA complexes was investigated by Fourier-transform infrared (FTIR)
spectroscopy. FTIR spectra were recorded on a Nicolet iS10 FTIR spectrophotometer (Thermo Fischer
Scientific, Waltham, MA, USA) in the wave number range of 4000–400 cm−1 with a resolution of 2 cm−1.
The ATR method was used to measure the FTIR spectrum of the films. The surface morphologies
of the PVA:CND composites were examined using Hitachi SU8220 field emission scanning electron
microscopy (FESEM) (Europark Fichtenhain A12, 47807 Krefeld, Germany).

4. Results and Discussion

4.1. FTIR Study

FTIR analyses were used to investigate the complex formation in the samples. The FTIR spectra of
pure PVA and all the prepared PVA:CND composites are depicted in Figure 1. From the spectrum, the
stretching vibration of the hydroxyl groups (O–H) of the pure PVA [14] peaked at 3322 cm−1 which
increased in intensity and broadness as a result of increasing carbon nano-dots, in CND1 and CND2
doped samples. The wide dispersion of hydrogen bond donor groups, such as –OH and –COOH
over the CND surfaces resulted in broadness of the FTIR at 3322 cm−1. This is well-defined that the
hydrogen bonding changes both the position and shape of the IR absorption band [4]. Meanwhile,
a complex formation between the PVA and CNDs is evidenced from this peak broadening and intensity
attenuating. Moreover, the shift of C–H stretching of CH2 group of pure PVA from 2936 cm−1 [15],
to 2930 and 2931 cm−1 was observed in CND1 and CND2, respectively. In addition, there is another
shift in C–H bending peak position of pure PVA from 1412 cm−1 to 1408 cm−1 and 1411 cm−1 in
CND1 and CND2, respectively. The C–O bending and stretching of the acetyl group on the polymer
backbone [16,17] appeared at 1087 cm−1 in PVA which also shifted to 1087 cm−1 and 1079 cm−1 in
the respective samples. A vibration peak located between 842 cm−1 and 841 cm−1 can be ascribed to
either C–H rocking mode or C–C stretching [16,18]. Two weak absorption peaks are seen at 1740 cm−1

and1370 cm−1, indicating vibrational stretching of C=O and CH3– in acetate moiety which in turn
ascribed to incomplete alcoholysis [19]. A relatively sharp peak can clearly been seen at 1561 cm−1,
indicating skeletal N–H bending mode [20]. All these changes in the peak positions in the IR spectrum
indicate sufficient cross-linking between PVA and CND nano-particles.
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Figure 1. FTIR spectra of all samples in the region of (a) 400 cm−1 to 2400 cm−1, and (b) 2400 cm−1 to
4000 cm−1. Clear shifting, broadening and change in intensity in the FTIR bands can be observed.

4.2. XRD and Morphology Study

Figure 2 shows the XRD spectrum of CND particles. It is clear that CDs exhibits a broad crystalline
peak at about 2θ = 27.97◦ and a broad amorphous peak at 42.63◦. Previous studies attributed the
former peak to highly disordered carbon atoms [21]. Figure 3 represents the XRD pattern of pure
PVA and PVA doped with CNDs particles. As can be seen, a broad peak at around 2θ = 20◦ in pure
PVA corresponds to the semi-crystalline nature of the polymer [22]. The XRD pattern (Figure 2)
obtained for the C-dots in this work is completely different from that of former work which is relatively
broader [23]. For the C-dots obtained, the d-spacing value (0.32) is smaller than that reported (0.34) in
the literature [2,23]. It has been proved that the broad peaks in the XRD pattern suggest the nano-scale
nature of the prepared particles [24–26]. This can be understood mathematically from the well-known
Debye-Scherrer formula:

L = Kλ/β cosθ (1)

This means the broader the diffraction peaks are the larger full width at half maximum (β) which
in turn led to a smaller crystallite size (L) [27,28]. From Equation (1) the crystallite size was calculated
manually using λ = 1.5406 Å, K = 0.9 and the full width at half maximum (β) from the main peak of the
XRD pattern at specified 2θ can be estimated. The crystalline size estimated from Equation (1) for the
largest peak in the XRD pattern (2θ = 27.97◦) of Figure 2 is 1 nm for carbon nano dote (CND) particles.
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Therefore, the small size of the C-dots particles is proved from the broad XRD peak. The characteristic
feature of C-dots is carbogenic core consisting of both amorphous and crystalline structural parts
which enrich in surface functional groups. It is worth-mentioning that in C-dots, amorphous part
dominates [2].

The XRD patterns for pure PVA and the PVA doped (CND2) samples (see Figure 3) are evidences
for the formation of complexation between PVA and CNDs particles. The relatively large peak centered
at 18.6◦ is shifted to 20.5◦ for PVA doped. Another two broad peaks appeared at 2θ = 23.4◦ and 41.18◦.
From the literature, one can expect that 2θ = 20◦, 23.43◦ and 41.15◦ belong to (101), (200) and (111)
crystalline phases of PVA [19] and these shifts also result from complexation between functional groups
of PVA and surface groups of CNDs particles. This study showed that as the concentration of CNDs
increased, the intensity decreased and the peaks underwent broadening. These results were caused by
the disruption of hydrogen bonding between the surface groups of CNDs and the hydroxyl group in
PVA polymer, resulting in it dominating the amorphous part of the composites [14,29]. The calculated
crystalline size from equation (1) for peaks 2θ = 18.6◦ and 20.5◦ are 6.5 and 4.6 nm in pure PVA (CDN0)
and PVA doped one (CND2), respectively. Thus the crystallite size of regular phases or chains of PVA
in crystalline regions was reduced upon addition of CNDs particles to PVA. The strong evidences of
amorphous domination PVA doped one (CND2) are lowering in intensity and broadening the peaks.
The non-existence of peaks for CNDs in PVA doped sample indicates the dissolution of the whole
CNDs in the polymer matrix.

θ 

Figure 2. XRD pattern of CN-dots at ambient temperature. Crystalline and amorphous peaks can be
seen in the XRD spectrum.
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θ

Figure 3. XRD pattern of pure PVA and PVA:CN-Dot composite films. It is interesting to note that the
main peak of PVA is more broadened and it intensity decreased after incorporation of CN-dots.

To know the extent of compatibility between the polymer and fillers and also the leakage of
the nano-particles to the polymer surface, a commonly utilized technique is field emission scanning
electron microscopy (FESEM) [30–32]. The surface morphology was studied using field emission
scanning electron microscopy (FESEM). The surface images have shown the formation and distribution
of PVA: CND polymer composite. Figure 4a–c show the acquired surface images of both pure PVA and
PVA: CND composites, respectively. From the images, one can clearly see the presence and distribution
of C-dots on the composite surfaces. Figure 4c exhibits the FESEM image of CND2 sample which
incorporated with 30 mL of suspended CND filler. From the image, it is seen that large size CND
particles formed on the surface. The FTIR spectra have confirmed the existence of various functional
groups, such as –OH and –COOH on the surfaces of CNDs which are incorporated as fillers to enhance
hydrogen bonding ability [4]. Another observation that has to be taken into consideration is high
density of –OH distribution homogeneously in the polymer [33]. This homogenous distribution infers
adequate interfacial interaction between C-dots and polymer matrix as a result of hydrogen bond
formation. Therefore, the larger size particles are produced at high concentration. The atomic force
microscopy (AFM) has shown the roughness of the surface of PVA:CQD composite at high content of
C-dot filler [4].

θ

Figure 4. Cont.
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Figure 4. SEM images for (a) CND0, (b) CND1 and (c) CND2 samples.

4.3. Absorption Study

Figure 5 shows the absorption spectra of both pure PVA and PVA:CND film. It is clearly seen
that two distinguish peaks have manifested in the UV region. Compared to pure PVA, there is a
tuned UV absorption region in the doped ones. The absorption of light in the UV and visible regions
result in electron promotion in σ and π and n-orbitals from the ground state to the higher excited
state as described by molecular orbital theory. As a consequence, σ → σ*, n → π*, and π → π* occur.
Most optical transitions are taking place in the visible region caused by impurities. As a result, the
generation of defects are color centered [34]. Figure 5 shows detection of two peaks at 280 nm and
430 nm owing to the n-π* and π-π* transitions, respectively [35–37]. Applications in various fields,
such as biosensors, imaging probes, viral capsids, QD-based laser, light emitting devices (LEDs) and
photovoltaic cells can be ascribed to the unique optical and electronic properties of CDs particles [38].
It is obvious that the onset absorption of the PVA:CND composites is from 580 nm, which lies in
the visible region. The lower-mid region of the visible spectrum of the CNDs with their tunable
absorption is vital for applications in optoelectronics and sensors to new formulation of bioimaging
assays [39]. It is extremely interesting to notice that as the concentration of CNDs increases, the
absorption intensities of n-π* and π-π* transitions are also increased. This can strongly be related to the
high density of both –OH and –NH2 groups on the CNDs surface [4,9,37]. To check the fluorescence
behavior of the PVA:CNDs composite samples, a UV lamp was used in a dark box. Figure 6 exhibits a
digital photograph of apparent yellow luminescence of the composite under UV exposure.
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π π

π

Figure 5. Absorption spectra for all the films. Clearly with increasing CNDs concentration the
absorption shifts to higher wavelengths.

 

Figure 6. The digital photograph of CND2 sample, under UV light exposure.

UV-vis is an informative technique for studying the electronic transitions. Band strength
or band-gap energy can be measured from absorption edge in crystalline and non-crystalline
materials [40]. The absorption edge is a region in which an electron is jumped from a lower energy
state to a higher energy state by an incident photon. The following equation was used to calculate the
optical absorption coefficient from the transmittance and reflectance spectra of the films [41]:

α =
1
t

Ln

(
T

(1 − R)2

)
(2)

where t, T and R are the thickness, transmittance and reflectance of the sample, respectively. Gradually
increasing the absorption coefficient with applied photon energies indicates the amorphous nature
of the samples [41]. Figure 7 presents the absorption coefficient as a function of photon energy for
pure PVA and PVA:CNDs films. A clear red shift from 6.2 eV to 5.3 eV corresponds to the absorption
edge. Clearly, with an increase in CNDs concentration the absorption edge shifts towards lower
photon energy. The shift in absorption edge might have resulted from the formation of conjugated
bond system caused by bond cleavage and reconstruction. This supports the structural and chemical
modifications of PVA incorporated with CNDs particles [42].
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ν

α

Figure 7. Absorption coefficient versus photon energy for all the films. Clearly with increasing CNDs
concentration the absorption edge shifts lower photon energy.

Figure 8 shows the PL spectra for the PVA:CND composite samples at excitation wavelength
of 431 nm. Recently, a great deal of research has been devoted to PL of C-dots which is one of
characteristics of C-dots that applied in the photocatalysis. The Stokes type emission is obeyed by
PL emission, which has a longer wavelength than the excitation one [2]. This emission formed after
absorption of photons (electromagnetic radiation). The relaxing and cooling of carrier distribution led
to a decrease in width of the PL peak and also to emission energy shifts to match the ground state of the
exaction. As the carrier density is increased, the appearance of additional peaks from higher sub-band
transitions occur and an increase in the excitation density changes the whole emission spectra [43].
It is obviously noted that as the concentration of C-dot increased, the PL peak intensity increases.
This UV absorption resulted in the appearance of characteristic peaks in PL spectra. It is well-known
that the excitation UV has shorter wavelength than the emission. It is documented that emission of
385 nm is resulted from the extended conjugation of π-electron domains (island) present in C-dots.
The presence of surface trap states (STS) in C-dots led to a strong emission at 460 nm. Recently, C-dots
have been characteristic with the existence of STS that contributes in electronic conduction. Clearly,
accommodation of electrons in STS facilitates emission at 460 nm; as a consequence, it determines the
electronic nature of C-dots [1]. It is well-defined that most PL emission observations can be classified
to some extent into two main categories; firstly, one is owing to band gap transitions resulted from
conjugated π-domains and secondly, it is due to the defects in the graphene structures. The two factors
are synergic in many cases. More clearly, the exploitation and manipulation of defects in graphene
sheets results in the creation or induction of the p-domains [2].
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Figure 8. PL spectra for PVA:CNDs composite films at excitation wavelength of 431 nm.

4.4. Refractive Index and Optical Dielectric Constant Studies

Today, studies on the electrical and optical properties of polymers have shown a great deal in
view of their applications in optical devices with remarkable reflection, antireflection, interference and
polarization properties. The optical properties of polymers can be properly modified by the addition
of dopants depending on their reactivity with the host matrix [26,44,45]. One of the parameters is
the optical refractive index (n), which is the measure of the reduction rate of the speed of light in
the medium. The refractive index of the samples has been calculated from the reflectance (R) and
extinction coefficient (K) by using the following equation [26],

n =

[
(1 + R)
(1 − R)

]
+

√
4 × R

(1 − R)2 − K2 (3)

From the following mathematical relationship:
K = αλ/4πt
The extinction coefficient, K is directly proportional to both absorption coefficient (α) and λ is the

wavelength whereas inversely proportional to the sample thickness (t).
In another mathematical expression, one can clearly see that the reflectance (R) can be computed

from the absorption (A) and transmittance (T) values (R = 1−(A + T)). The T values are calculated from
Beer’s law (T = 10−A).

From Figure 9, the refractive index spectra of pure PVA and the doped samples are shown.
It is apparently revealed that there is a direct proportionality between refractive index and CND
concentration. The value of the refractive index is greater than one because of slowing down of
photons as a result of interaction with electrons of the host material. It is well-known that the phase
velocity of light in vacuum is c = 2.99 × 108 m/s equals the group velocity which is independent of
the optical frequency. In contrast, it is typically smaller by a factor n, called the refractive index, in a
medium which is frequency dependent. Thereby, the higher value of refractive index of PVA:CND
composite the more slowing down occurs of the phase velocity. This is due to the fact that film
incorporated with C-dots results in an increase in density and as a consequence, the refractive index
becoming increasing predictable [46]. This is also relevant to fact that the refractive index is a function
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of density, which in other words, is related to the polarizability of the medium [47]. Moreover, for
the all doped films, the dispersion of the refractive index versus wavelength is observed compared
to the pure PVA. This dispersion behavior of n in the doped samples can be related to the increase of
density. For additional interpretation, two typical peaks are seen in the spectra of refractive index of
the composite samples which can be correlated to aromatic π-π* and n-π* transitions, corresponding to
C=C, C=O respectively [48]. It is worth noticing that as the CND concentration increases, the peak
intensity increases as a result of populations of more electrons and the number of surface groups.
In an attempt to estimate the refractive index of the films, the long wavelength region was extended
to Y-axis.

Figure 10 shows the plot between refractive index and CND concentrations. This linearity in the
plot is reported in several studies and considered as a satisfactory dispersion of fillers throughout the
polymer matrix [18,49–52]. In the data analysis, the r2 value was determined to be 0.99 from the fitted
regression line. This indicated the homogeneity of dispersion of CND throughout the PVA polymer.
Furthermore, it is proved to large extend that the refractive index is related to optical dielectric constant
(ε1) parameter which directly related to the localization of electronic states within the forbidden gap of
materials [18,22,53]:

ε1 = n2 − K2 = ε∞ − e2

4πC2εo

N
m∗ λ2 (4)

where ε∞ and εo are the dielectric constant at higher wavelengths and the free space dielectric constant,
respectively. N/m* is the ratio of localized electronic state density to the effective mass, K is the
extinction coefficient and e and C have their usual meanings. Figure 11 exhibits the variation of
the optical dielectric constant (ε1) with wavelength at different CNDs concentrations. The ε1 value
and CND concentration have direct proportionality. An increase in ε1 value from 1.3 to 2.4 can be
ascribed to the increment of the density of states because of direct correlation of ε1 parameter to the
density of states inside the forbidden gap of the solid polymer films [22]. The relationship between the
static dielectric constant (ε0) within long wavelengths is well reported [54]. Accordingly, Penn model
explains the optical dielectric constant that can strongly be correlated with optical band gap (E0) [55]
as follows:

ε(o) ≈ 1 + (�ωp/Eo)
2 (5)

However, this model has involved the refractive index (n) considering ε = n2. Thus, the Penn
model should be expressed on the basis of the refractive index [56].

Figure 9. The index of refraction versus wavelength for all the films. Clearly with increasing CNDs
concentration the dispersion increased.
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Figure 10. The index of refraction versus CNDs concentration. The linear increase reveals the
homogeneous dispersion of CNDs particles.

Figure 11. The optical dielectric constant versus wavelength for all the films. Clearly with increasing
CNDs concentration the ε’ increased.

4.5. Bandgap Study

An Interband absorption process deals with transition of electrons between the bands of solid
materials. The absorption edge originated from the onset of optical transitions across the fundamental
band gap [57]. Our recent achievements revealed that the fundamental absorption edge derived from
the dielectric loss represents the energy bandgap [18,41,44,51,52,58]. These are supported by quantum
methods for bandgap investigations. Knowledge of both real and imaginary parts of the dielectric
function allows calculating important optical functions [59]. The following complex optical dielectric
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function is usually used to describe the optical properties of a solid material, interrelated with photon
and electron interactions [60].

ε* = ε1(ω) + jε2(ω) (6)

ε1(ω) as real part and ε2(ω) as imaginary part of the complex are associated with electronic polarizability
and electronic absorption of the material, respectively [61]. To better understand the electronic structure
of different materials, the optical functions have to be studied. Frequency-dependent dielectric function
is closely linked to the electronic band structure. Accordingly, the optical properties of homogeneous
mediums at all photon energies can be characterized [62]. From the quantum mechanical aspect,
the transitions between occupied and unoccupied states are highly related to optical dielectric loss
parameter [18,41,44,51,52,58,62]. The equation below can directly be used to determine the imaginary
part ε2(ω) of the complex dielectric function from the momentum matrix elements between the occupied
and the unoccupied electronic states.

ε2 =
2πe2

Ωεo
∑
v,c,k

∣∣∣〈Ψc
k

∣∣∣→u→
r
∣∣∣Ψv

k

〉∣∣∣2δ(Ec
k − Ev

k − �ω) (7)

where ω is the frequency of light, e the electronic charge,
→
u the vector defining the polarization of

the incident electric field, and (Ec
k)and (Ev

k )the conduction and valence band wave functions at k,
respectively [62]. It is well documented that the fundamental absorption edge in optical dielectric
loss spectra provides the optical band gap [63]. A rapid rise near the absorption edge can be a direct
evidence for band gap determination [64,65]. The main contributions to the optical spectra are derived
from the top valence band (VB) to the lower conduction bands (CB), known as the fundamental
absorption edge. The critical points obtained are associated with the band-gap values [60]. Metallic,
semiconducting or insulating characteristics of a material can be determined from the electronic
properties [66]. Figure 12 reveals the plot between the optical dielectric loss and photon energy for all
the samples. The intersection of linear part of ε2 with the photon energy axis was exploited to estimate
the optical band gaps. The estimated values from the plot are listed in Table 1. At a first glance,
the higher CNDs concentration, the band gap is reduced. From previous studies, it was concluded
that the polymer composites with reduced optical band gap are crucial for photovoltaic and other
optoelectronic applications. Huang et. al., reported that the power conversion efficiency of almost
12% of polymer-fullerene-based bulk hetero-junction solar cell incorporated with C-dot particles is
increased as a consequence of effective light conversion of near ultraviolet and blue-violet portions of
sunlight [67]. Earlier study documented that C-Dot/polymer composites showed relatively acceptable
photo-stability, and thus can be used as environmentally friendly composite, low-cost phosphors for
solid-state lighting and wave guide applications [68]. Another important aspect in band gap study is
the specification of the type of electronic transition. When a photon with a sufficient energy absorbed
by an electron transition occurs from the top of the valence band to the bottom of the conduction band
and the electron transition obeys some quantum mechanical rules. Tauc’s method was applied to
specify the type of electronic transition. Optical absorption spectrum is significant for studying the
physical properties of polymers comprising the study of a band construction and electronic properties
when at pure and doped states [69]. In fact, the optical band gap was estimated from the data of
absorption coefficient versus wavelength using Tauc’s equation.

αhv = B(hv − Eg)n (8)

where α, hυ, B and Eg denote the absorption coefficient, the photon energy, the band form parameter
and the optical bandgap of the samples, respectively, and n a constant, being related to the density
of states distribution and determined the type of transition. The n values are equal to 1/2 and 3/2
for direct allowed and forbidden transitions, respectively, while n values of 2 and 3 are for the case of
indirect allowed and forbidden transitions, respectively [58]. A direct transition proceeds when the
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electrons wave vector remains unchanged. However, the interaction with a lattice vibration occurs in
the indirect transition, in which the lowest region of the CB locates at different part of the k-space from
the highest region of the VB [69]. The plot of (αhv)1/n versus photon energy (hv) when n = 3/2, 2 and
3 is shown in Figures 13–15. In the data analysis, from these figures, various optical band gaps were
estimated and tabulated in Table 1. The results showed that the band gaps of the composite films are
reduced compared to pure PVA, as a consequence of insulating properties of PVA. Variations in the
band gap values make hard to identify a dominant type of electronic transition. In order to specify
the exact type of electronic transition in the samples, the band gaps obtained from Tauc’s method
(i.e., Figures 13–15) were compared to the optical band gaps derived from optical dielectric loss plot
(i.e., Figure 12). As a result of comparison, the type of forbidden direct transition (i.e., n = 3/2) can
be deduced. To determine the band gap and understand the electron transition phenomena from
the top of VB to the bottom of CB both optical dielectric loss parameter and Tauc’s model have to be
tested. In our previous works, the use of optical dielectric loss parameter for studying the bandgap
has been well established [18,41,44,51,52,58,69]. Thus, the present work is an additional support to
our hypothesis implying that optical dielectric loss parameter and Tauc’s model are sufficient to study
the band gap and electron transition types, respectively. From Table 1 it is clear that the band gap
decreased upon the addition of CNDs to PVA. A decrease in Eg upon increasing CND concentration
might result from the creation of a higher number of free charge carriers/radicals [42]. From the
results, one can conclude that these samples can be used for various optoelectronics and previous
studies revealed the use of carbon particles in various applications. Huang et. al. [70], used the hybrid
materials of carbon and graphene for the fabrication flexible strain sensors and Ke et. al. [71], used
carbon dots as fluorescent sensors. Moreover, the capacitance value of supercapacitors is increased
upon incorporation of carbon dots to the electrode materials [72]. Thus, CNDs particles have a wide
application from optoelectronics to electrochemical devices.

ν

Figure 12. Optical dielectric loss versus photon energy (hυ) for all samples. Distinguishable linear parts
can be manifested at high photon energy region which can be used to estimate the optical band gap.
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Figure 13. Plot of (αhυ)2/3 versus photon energy (hυ) for all the samples.
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Figure 14. Plot of (αhυ)1/3 versus photon energy (hυ) for all the samples.
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Figure 15. The plots of (αhυ)ˆ1/3 vs (hυ) for all the samples.

Table 1. Estimated bandgap from Taucs model and optical dielectric loss plots.

Sample
Designation

Eg(eV) from Tauc
Method (n = 3)

Eg(eV) from Tauc
Method (n = 2)

Eg (eV) from Tauc
Method (n = 3/2)

Estimated Bandgap
from ε”-hυ Plot

CND0 5.95 6 6.18 6.2
CND1 5.7 5.67 5.96 6.05
CND2 4.4 4.5 5.12 5.12

5. Conclusions

In conclusions, fabrication of PVA:CNDs is fascinating after characterizations using a range
of spectroscopic techniques. Changes in the FTIR spectral features indicated a good cross-linking
between PVA and CND nano-particles. Shifts in XRD spectra of the composites confirmed the complex
formation between them. The Debye-Scherrer formula was used to calculate the crystallite size of
CNDs and crystalline area of pure PVA and PVA:CNDs composites. The crystallite size of PVA was
reduced upon the addition of CNDs particles. Furthermore, the effect of these nano-particles on
tuning the absorption of UV spectra in the nano-composites was studied. Strong absorptions at 280
and 330 nm were assigned to n-π* and π-π* transition. A reduction in the optical band gap resulted
from a shift in absorption edge to lower photon energy. The existence and dispersion of C-dots with
different sizes on the surface of composites films were proved using FESEM images. The luminescence
behavior of PVA:CND composites was verified using digital photograph and photo luminescence (PL)
measurement and the PL intensity increased with an increase in CNDs concentrations. A linear increase
of the refractive index with increasing CND concentration revealed a homogeneous distribution of
the particles throughout the host PVA. Optical dielectric loss parameter was utilized to estimate the
optical band gap. The study of Tauc’s model established a forbidden direct type of electronic transition.
The results of the present work are an additional support to our hypothesis implying that optical
dielectric loss parameter and Tauc’s model are sufficient to study the bandgap and electron transition
types, respectively.
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Abstract: Over the past few decades, research studies have established that the mechanical properties
of hydrogels can be largely impacted by the addition of nanoparticles. However, the exact mechanisms
behind such enhancements are not yet fully understood. To further explore the role of nanoparticles
on the enhanced mechanical properties of hydrogel nanocomposites, we used chemically crosslinked
polyacrylamide hydrogels incorporating silica nanoparticles as the model system. Rheological
measurements indicate that nanoparticle-mediated increases in hydrogel elastic modulus can exceed
the maximum modulus that can be obtained through purely chemical crosslinking. Moreover,
the data reveal that nanoparticle, monomer, and chemical crosslinker concentrations can all play an
important role on the nanoparticle mediated-enhancements in mechanical properties. These results
also demonstrate a strong role for pseudo crosslinking facilitated by polymer–particle interactions
on the observed enhancements in elastic moduli. Taken together, our work delves into the role
of nanoparticles on enhancing hydrogel properties, which is vital to the development of hydrogel
nanocomposites with a wide range of specific mechanical properties.

Keywords: hydrogel nanocomposites; elastic modulus; rotational rheology; pseudo-crosslinking

1. Introduction

Hydrogels have recently emerged as potential candidates for various biomedical and biotechnological
applications owing to their unique physical and biochemical properties. Composed of highly porous
and hydrated networks, they allow cell encapsulation for tissue engineering applications and
support the loading and release of various bioactive molecules for drug delivery applications [1–3].
The use of hydrogels in bioseparations and biosensing and as tissue-adhesives has also been recently
proposed [4,5]. Latest advances in polymer chemistry and synthesis as well as progress in the
development of interpenetrating polymer network hydrogels have opened up new possibilities in
developing hydrogel-based biomaterials with advanced properties. However, their poor mechanical
properties have been a significant barrier to their widespread adoption for these applications. Over
three decades of research have shown that the addition of nanoscopic filler particles to a variety
of polymer systems (melts, elastomers, hydrogels, etc.) can have a large effect on their mechanical
properties [6–9]. Both experimental studies [10–12] and modeling analyses [13–15] have indicated
that the enhancements in nanocomposite properties relative to those of pure polymers are due in
large part to an increase in polymer crosslink/entanglement density mediated by strong interactions
with nanoparticles.

In this study, we investigate whether nanoparticle-mediated enhancements in polymer
mechanical properties extend to hydrogel nanocomposites. Current research investigating the effects
of incorporating nanoparticles reports enhanced mechanical properties for hydrogel nanocomposites
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relative to neat hydrogels [16–19]. However, barring a few studies [16,20], little research has been
performed to understand the role of chemical or covalent crosslinking on nanoparticle-mediated
changes in hydrogel properties. Such studies are crucial to developing a quantitative understanding
of how pseudo-crosslinking or crosslinking density plays a role in the reinforcements observed due
to the addition of nanoparticles. In our study, we performed rotational rheological measurements
to evaluate the changes in the elastic modulus of chemically crosslinked polyacrylamide (pAAm)
hydrogels due to the addition of silica nanoparticles. pAAm hydrogels are synthesized as a networked
structure of repeating acrylamide (AAm) subunits chemically crosslinked using the bifunctional
crosslinking agent N,N′-methylenebisacrylamide (Bis). Silica nanoparticles (SiNPs) are known to
hydrogen bond with polyacrylamide [21,22] and so we expect there to be a strong interfacial binding
energy between the polymer and nanoparticle surface. Strong interactions between nanoparticles and
polymer chains have been shown to facilitate nanoparticle-mediated reinforcement of hydrogels in
previous studies [23]. Therefore, this system allowed us to evaluate the effects of nanoparticle-mediated
physical crosslinking in comparison to chemical crosslinking, by varying the degree of both chemical-
and nanoparticle-mediated crosslinking as well as the monomer concentration.

2. Results

2.1. Influence of Crosslinker Concentration on Hydrogel Elastic Modulus

Our initial experiments focused on the impact of crosslinker concentration on hydrogel modulus.
pAAm hydrogels prepared using various monomer and crosslinker (AAm/Bis) ratios, as shown in
Table 1, were characterized using rotational rheometry. When elastic modulus is plotted against the
concentration of Bis, the hydrogel elastic modulus initially increases with crosslinker concentration for
all concentrations of the monomer. However, above a threshold crosslinker concentration, the elastic
modulus for each hydrogel reaches a plateau value (Table 1).

Table 1. Elastic modulus, G′, for neat hydrogels for various monomer and crosslinker ratios.

%Bis
Elastic Modulus, G′ a

10% AAm 5% AAm 2.5% AAm

1 (1.96 ± 0.14) × 104 (3.72 ± 0.13) × 103 (4.22 ± 0.42) × 102

0.5 (1.98 ± 0.36) × 104 (3.57 ± 0.19) × 103 (4.07 ± 0.49) × 102

0.25 (1.03 ± 0.03) × 104 (3.67 ± 0.27) × 103 (4.27 ± 0.22) × 102

0.125 (5.78 ± 0.86) × 103 (1.95 ± 0.09) × 103 (4.14 ± 0.59) × 102

0.0625 (2.67 ± 0.35) × 103 (5.98 ± 0.17) × 102 (4.78 ± 0.81) × 101

a Each data point represents an average of triplicate measurements.

Next, in Table 2, we show elastic modulus as a function of %CBis, relative concentration of the
crosslinker Bis, which is defined by Equation (1):

%CBis =
mBis

mBis + mAAm
(1)

where mAAm is the concentration of the monomer and mBis is the concentration of the crosslinker.
For each hydrogel, irrespective of the monomer concentration, the threshold point occurs at the

same relative crosslinker concentration (%CBis = 4.76) (Supplementary Figure S1). Such saturation
of hydrogel elastic modulus at a threshold relative chemical crosslinker concentration has been
demonstrated previously [24], and has been shown to be the result of the formation of highly
crosslinked “microgels” connected by a percolating network of linear polymer chains. Each microgel
forms a mesoscale crosslink point, so that the overall crosslink density becomes a function of the
number of microgels rather than the number of chemical crosslinking molecules. Since the kinetics
of microgel formation are governed by the local concentration of the crosslinker, the number of
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microgels per unit volume reaches a maximum at a particular crosslinker concentration relative to the
monomer [24,25].

Table 2. Elastic modulus, G′, for neat hydrogels for various monomer and relative crosslinker ratios.

%CBis
Elastic Modulus, G′ a

10% AAm 5% AAm 2.5% AAm

9.09 (1.96 ± 0.14) × 104 (3.57 ± 0.19) × 103 (4.27 ± 0.22) × 102

4.76 (1.98 ± 0.36) × 104 (3.67 ± 0.27) × 103 (4.14 ± 0.59) × 102

2.44 (1.03 ± 0.03) × 104 (1.95 ± 0.09) × 103 (4.78 ± 0.81) × 101

1.23 (5.78 ± 0.86) × 103 (5.98 ± 0.17) × 102 N/A b

a Each data point represents an average of triplicate measurements. b This condition was below the limits of reliable
detection using rotational rheology.

2.2. Influence of Nanoparticles on the Elastic Modulus of Chemically Crosslinked Hydrogels

We proceeded to study the influence of nanoparticles on the chemically crosslinked pAAm
hydrogels. When silica nanoparticles were added to the pAAm hydrogel, we observed a
concentration-dependent increase in the elastic modulus (Figure 1a). Moreover, the experiments
revealed that addition of nanoparticles increase the elastic modulus beyond the maximum modulus
observed for the purely chemically crosslinked system (Figure 1b). It is interesting to note that
even at sub-saturation values of the relative crosslinker concentration, incorporation of nanoparticles
allows enhancements beyond the plateau modulus achieved using chemical crosslinking (Figure 1b).
This behavior was observed for hydrogels over a range of monomer concentrations. These results are
consistent with previous studies, including our investigations that have indicated hydrogen bonding
mediated interactions between pAAm chains and SiNP surfaces enable silica nanoparticles to serve as
pseudo crosslinkers and increase the extent of crosslinking in the hydrogel network, thereby facilitating
reinforcements in the mechanical properties [22,26].

(a) (b) 

Figure 1. Elastic moduli of 5% pAAm hydrogels as a function of (a) relative crosslinker concentration
(%CBis) prepared using different concentrations of 4 nm silica nanoparticles—0% SiNPs (triangles),
1% SiNPs (diamonds), 2% SiNPs (squares), 3% SiNPs (Xs), 4% SiNPs (dashes), and 5% SiNPs (circles)
and (b) nanoparticle concentration (%NP) prepared using different concentrations of the chemical
crosslinker—0.0625% Bis (open squares) and 0.5% Bis (closed squares). Data shown are the mean of
triplicate measurements ± standard deviation and have been repeated at least three times with similar
results. Dashed line in panel (b) represents elastic modulus of 5% pAAm hydrogel prepared using 0.5%
Bis and 0% SiNPs and acts as a guide to the eye.

We also compared the effects of chemical crosslinking and nanoparticles on the viscous modulus,
G”. These experiments revealed similar increases in the values of G′ and G”, when plotted against the
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concentration of Bis. However, we observed significant increases for G” relative to G′, when plotted
against the nanoparticle concentration (Figure 2a). Not surprisingly, the ratio of G”/G′ (tan δ) exhibited
a significantly higher slope for tan δ plotted against the nanoparticle concentration compared to tan
δ plotted against the concentration of Bis (Figure 2b). These experiments, therefore, indicate that
nanoparticle-mediated reinforcements are independent from those mediated by chemical crosslinking.

(a) (b) 

Figure 2. (a) Relative elastic (white bars) and viscous (grey bars) moduli of 5% pAAm hydrogels
as a function of crosslinker concentration (%Bis) (solid bars) prepared using 1% 4 nm SiNPs and
nanoparticle concentration (%NP) prepared using 0.0625% Bis (hashed bars), and (b) tan δ (ratio of
G”/G′) as a function of the crosslinker (white circles) and nanoparticle concentration (black squares).
Data shown are the mean of triplicate measurements ± standard deviation and have been repeated at
least three times with similar results.

2.3. Influence of Chemical Crosslinking on Nanoparticle Mediated Enhancements of Hydrogel Elastic Modulus

Finally, we explored the combined effects of chemical and nanoparticle-mediated crosslinking
on the pAAm elastic modulus. We compared the enhancements afforded by the incorporation
of nanoparticles (G′

NP/G′
0, the ratio of elastic modulus of hydrogels that incorporated or did

not incorporate nanoparticles) over a range of both crosslinker and monomer concentrations.
Interestingly, these experiments revealed a diminishing impact of nanoparticles on the elastic modulus
at higher chemical crosslinker and monomer concentrations (Figure 3 and Supplementary Figure S2).
The decreasing role of nanoparticles with increasing crosslinker concentrations indicates a saturation
point in the overall hydrogel crosslinking density and thereby enhancements in mechanical properties
afforded by either covalent- or pseudo crosslinking and a combination thereof.

To better understand the role of monomer concentration on the nanoparticle-mediated
enhancements in elastic modulus, we defined a new variable (%CNP) that refers to the concentration of
SiNPs relative to the monomer concentration in a manner similar to %CBis (Equation (2)).

%CNP =
mNP

mNP + mAAm
(2)

where mAAm is the concentration of the monomer and mNP is the concentration of the nanoparticles.
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(a) (b) 

Figure 3. Relative elastic moduli of pAAm hydrogels as a function of (a) monomer concentration
(%AAm) prepared using 5% 4 nm SiNPs and different concentrations of the chemical crosslinker—
0.0625% Bis (white bars) and 0.5% Bis (grey bars) and (b) nanoparticle concentration for 2.5% pAAm
(white circles), 5% pAAm (grey squares), and 10% pAAm (black triangles) hydrogels prepared using
%CBis = 4.76. Data shown are the mean of triplicate measurements ± standard deviation and have been
repeated at least three times with similar results.

The enhancements in elastic modulus afforded by the incorporation of nanoparticles for various
AAm concentrations at saturation (%CBis = 4.76) and sub-saturation (%CBis = 1.23) concentrations of Bis,
previously plotted against the absolute nanoparticle concentration (%NPs), were plotted against the
relative nanoparticle concentration (%CNP) (Figure 4 and Supplementary Figure S3). The enhancements
mediated by nanoparticles for various monomer concentrations (Figure 3b) can be collapsed onto a
single curve (Figure 4) upon the introduction of %CNP, which accounts for relative reinforcement due to
nanoparticles at specific concentrations of the chemical crosslinker. These results thereby indicate that
the nanoparticle mediated enhancements in hydrogel modulus scales with the relative nanoparticle
concentration, not unlike the enhancements mediated by chemical crosslinking.

Figure 4. Relative elastic moduli of 2.5% pAAm (white circles), 5% pAAm (grey squares), and 10%
pAAm (black triangles) hydrogels prepared using %CBis = 4.76 as a function of relative nanoparticle
concentration (%CNP). Data shown are the mean of triplicate measurements ± standard deviation and
have been repeated at least three times with similar results.

2.4. Influence of Hydrophobic Side Chains on the Hydrogel Backbone on Nanoparticle Mediated Enhancements

To validate our hypothesis that suggests a saturation point in the overall hydrogel crosslinking
density mediated by a combination of chemical (Bis) and physical (SiNPs) crosslinking, we repeated
the mechanical characterization studies using poly(N-isopropylacrylamide) (pNIPAAm) hydrogels.
pNIPAAm is a temperature-responsive hydrogel with a lower critical solution temperature (LCST)
of ca. 32 ◦C in aqueous solutions [27,28]. The presence of hydrophobic side groups on the
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pNIPAAm hydrogel backbone leads to increased polymer–polymer interactions (and therefore
increased physical crosslinking) at temperatures above LCST and thereby higher elastic modulus.
Our initial experiments indicated that pNIPAAm hydrogels incorporating nanoparticles continue to
exhibit temperature-dependent changes in mechanical properties, i.e., a reversible phase transition at
temperatures greater than 32 ◦C. These experiments also indicated that pNIPAAm-SiNP hydrogels
exhibit a higher elastic modulus compared to neat hydrogels (without nanoparticles). Interestingly,
the nanoparticle-mediated enhancements in the elastic modulus were higher at temperatures <LCST
relative to those at temperatures >LCST (Figure 5). This result is consistent with our hypothesis; if the
reduced role of nanoparticles at higher crosslinker concentrations is a result of saturation in the overall
hydrogel crosslinking density, then a similar effect (i.e., attenuated role of nanoparticles) should be
observed in the presence of other sources of crosslinking as well. In the case of pNIPAAm hydrogels,
an increase in physical crosslinking mediated by the hydrophobic side chains leads to saturation
in overall crosslinking density and thereby an upper limit to enhancements achieved through the
incorporation of nanoparticles.

Figure 5. Relative elastic moduli of 5% pNIPAAm hydrogels prepared using 0.0625% Bis (white bars)
or 0.5% Bis (grey bars), and 5% SiNPs at different temperatures. Data shown are the mean of triplicate
measurements plus standard deviation and have been repeated at least three times with similar results.

3. Discussion

This study sought to examine the contributions of nanoparticle-mediated physical crosslinking to
the elastic modulus of chemically crosslinked hydrogels, using pAAm-SiNP composites as the model
system. Results from the rheological measurements showed that hydrogel elastic modulus positively
correlated with both Bis and SiNP concentration. These experiments also indicated that a combination
of chemical and physical crosslinking led to enhancements in elastic modulus that were greater
than with either alone, which is consistent with previous studies [16,26,29]. Additional experiments
suggested that the nanoparticle-mediated enhancements behave differently to those mediated by
chemical crosslinking. However, we observed an upper limit to the gains in elastic modulus achievable
through a combination of Bis- and SiNP-mediated crosslinking, suggesting the existence of a saturation
point for the combined crosslinking density (i.e., the sum of crosslinking densities achieved through
either chemical and physical means). To confirm the existence of a ‘global’ saturation point, beyond the
‘local’ saturation behaviors observed for either Bis- or SiNP-mediated enhancements, we introduced an
additional source of physical crosslinking—pAAm functionalized with hydrophobic side groups that
lead to increased polymer–polymer interactions at elevated temperatures. These experiments revealed
attenuated enhancements mediated by nanoparticles at temperatures >LCST, consistent with the
hypothesis that saturation in the overall crosslinking density can lead to upper limits in enhancements
in modulus achieved through the addition of nanoparticles.

To better understand the observed role of nanoparticles on the hydrogel elastic modulus,
we borrowed lessons learned from more classic polymer nanocomposite systems [6–8,10–15]. Certain
traditional reinforcement models, such as simple filler effects, jamming theory, and fractal percolating
networks, fail to explain the results from our studies. While we observe a linear relationship between
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elastic modulus and SiNP concentration for concentrations less than 3%, we observe saturation
behavior at higher concentrations irrespective of monomer concentration. Furthermore, we have
previously shown that the nanoparticle size also has an effect on the degree of enhancement,
which means the enhancements cannot be explained by simple volume fraction arguments [30].
Jamming theory describes the response of a polymer to the drag friction caused by particles;
however, it is unlikely for jamming to contribute significantly towards the elastic modulus of pAAm
nanocomposites in our system given the dilute concentration of nanoparticles (0–5% SiNPs) [31,32].
The same can be said for fractal percolating structures that may form due to direct interactions among
silica nanoparticles, as the likelihood that these arrangements will play a meaningful role at/below
particle concentrations of 5% is low [33–35]. Other models that either explain reinforcement due to
retardation of polymer dynamics in the interfacial zone around the nanoparticles, or the number of
crosslinks or entanglements in a polymer network lend more support to our observations. In the cases
where the polymer–particle interaction energy is much larger than the polymer–polymer interaction
energy, the time scale of the movements of short lengths of polymer chains (the Rouse regime) is
slowed down within a region extending from the particle surface to the limit of the polymer–particle
energy well [13]. The result is an increase in elastic modulus that is proportional to the volume
fraction of the interfacial zone and the magnitude of interfacial energy. Since volume fraction of
the interfacial zone is positively correlated to particle concentration and negatively correlated to
particle size, our results (i.e., increasing modulus with increasing SiNP concentration and decreasing
SiNP size) can be explained by, albeit qualitatively, using the retardation polymer dynamics in the
interfacial zone model. From a polymer–particle interaction standpoint, Flory’s rubber elasticity
theory may also provide a possible mechanism. Flory’s network theory states that elastic modulus is
proportional to the density of effective junctions [24,36]. As indicated in previous studies, non-covalent
interactions between silica nanoparticles and polyacrylamide can serve to increase the number of
effective crosslinks in the network and thereby lead to increases in elastic modulus, consistent with
Flory’s theory.

In addition to providing further insight into how nanoparticles mediate reinforcements in
hydrogel elastic modulus, this study also contributes to the development of applications that may
directly benefit from these improvements; examples include tissue engineering, drug delivery, wound
dressings, and biosensing [17,37]. Some of these applications, especially those related to sensing,
may also benefit from enhancements in the chemical and biological properties of the hydrogel.
Nanoparticles may be functionalized with biomolecules prior to their incorporation into the hydrogel
network to endow the hydrogels with specific biochemical characteristics in addition to improving
their mechanical strength. Furthermore, new applications may also be realized by introducing
and/or tailoring additional hydrogel properties such as thermal, electrical, optical, and magnetic
characteristics. Several studies have already demonstrated the use of nanoparticles to develop polymer
composites with conductive properties for battery cathodes and microelectronics [38], with light
responsive properties for therapy [39], and with magnetic properties for electromagnetic interference
shielding [40]. As we continue to further explore the use of nanoparticles to improve hydrogel
properties, we can expect that the applications realized for traditional polymer composites may also
translate to nanocomposites prepared using hydrogels.

4. Materials and Methods

4.1. Materials

All the materials for the polymerization reaction, acrylamide (AAm, monomer), initiator,
ammonium persulfate (APS, initiator), N,N,N′,N′-tetramethylethylenediamine (TEMED, catalyst),
and N,N′-methylenebis(acrylamide) (Bis, crosslinker), as well as N-isopropylacrylamide (NIPAAm,
monomer for preparing thermoresponsive hydrogels) were purchased from Sigma Aldrich (St. Louis,
MO, USA) and used as received. Tris-HCl buffer (pH 7.2) was obtained from Life Technologies
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(Carlsbad, CA, USA) and binzil silica nanoparticle colloid solution with mean particle size of 4 nm
was obtained as a gift from AkzoNobel Pulp and Performance Chemicals Inc. (Marietta, GA, USA).

4.2. Polymerization Reaction

Chemically crosslinked pAAm or pNIPAAm hydrogels were prepared as previously
reported [26,41]. Briefly, the monomer (AAm or NIPAAm) and crosslinker (Bis) stocks were diluted to
their desired concentrations in pH 7.2, 250 mM Tris-HCl buffer, followed by the addition of TEMED
(0.1% of the final reaction volume) and 10% w/v APS solution (1% of the final reaction volume).
For nanocomposite hydrogels, various amounts of silica nanoparticles (SiNPs) were added to the
reaction mixture prior to the addition of APS and TEMED. Due to solubility limits, the maximum
nanoparticle concentration used was 5% w/v. Polymerization reactions were performed at 25 ◦C
between parallel plates of the rheometer cell to minimize exposure to air as oxygen inhibits the free
radical polymerization reaction.

4.3. Measurement of Hydrogel Elastic Modulus

Rheological measurements of the hydrogels were carried out, as previously described, using the
MCR302 rotational rheometer (Anton Paar, Graz, Austria) [26,41]. Briefly, 500 μL of a well-mixed
reaction mixture was pipetted onto the lower plate of the rheometer and the upper plate was lowered
until the desired gap distance (1 mm) was achieved. Amplitude sweeps at a constant frequency of
1 Hz were then carried out to ensure measurements were carried out in the linear viscoelastic regime
of the hydrogels. Next, dynamic sweep tests over frequencies ranging from 0.1–100 Hz were recorded
in the linear viscoelastic regimes (strain amplitude = 0.01) to determine the shear storage modulus.
Final hydrogel parameters were determined by following the gelation for 90 min at 1 Hz and 1%
strain for all samples. For the temperature studies using pNIPAAm hydrogels, the elastic modulus
was measured at 30 ◦C and 45 ◦C using the conditions described above. Relative elastic and viscous
moduli were calculated by normalizing the values for pAAm-SiNP hydrogels (G′

NP and G”NP) to the
corresponding values for control pAAm gels (G′

0 and G”0).

Supplementary Materials: The following are available online http://www.mdpi.com/2079-4991/8/11/882/s1.
Figure S1: Elastic modulus for neat hydrogels for various monomer and relative crosslinker ratios. Data shown
are the mean of triplicate measurements ± standard deviation and have been repeated at least three times with
similar results; Figure S2: Relative elastic moduli of pAAm hydrogels as a function of nanoparticle concentration
for 2.5% pAAm (white circles), 5% pAAm (grey squares), and 10% pAAm (black triangles) hydrogels prepared
using %CBis = 1.23. Data shown are the mean of triplicate measurements ± standard deviation and have been
repeated at least three times with similar results; Figure S3: Relative elastic moduli of 2.5% pAAm (white circles),
5% pAAm (grey squares), and 10% pAAm (black triangles) hydrogels prepared using %CBis = 1.23 as a function
of relative nanoparticle concentration (%CNP). Data shown are the mean of triplicate measurements ± standard
deviation and have been repeated at least three times with similar results.
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Abstract: We aimed to obtain a tunable intestinal model and study the transport of different
types of nanoparticles. Caco-2/HT29-MTX co-cultures of different seeding ratios (7:3 and 5:5),
cultured on Transwell®systems, were exposed to non-cytotoxic concentration levels (20 μg/mL) of
silicon quantum dots and iron oxide (α-Fe2O3) nanoparticles. Transepithelial electric resistance was
measured before and after exposure, and permeability was assessed via the paracellular marker
Lucifer Yellow. At regular intervals during the 3 h transport study, samples were collected from the
basolateral compartments for the detection and quantitative testing of nanoparticles. Cell morphology
characterization was done using phalloidin-FITC/DAPI labeling, and Alcian Blue/eosin staining
was performed on insert cross-sections in order to compare the intestinal models and evaluate the
production of mucins. Morphological alterations of the Caco-2/HT29-MTX (7:3 ratio) co-cultures were
observed at the end of the transport study compared with the controls. The nanoparticle suspensions
tested did not diffuse across the intestinal model and were not detected in the receiving compartments,
probably due to their tendency to precipitate at the monolayer surface level and form visible
aggregates. These preliminary results indicate the need for further nanoparticle functionalization in
order to appropriately assess intestinal absorption in vitro.

Keywords: co-culture intestinal model; Caco-2; HT29-MTX; nanoparticle transport; quantum dots;
iron oxide nanoparticles

1. Introduction

Oral drug administration is the preferred route when it comes to delivering most active
compounds, with advantages including patient comfort, reduced chances of infection, and minimal
invasiveness compared with alternative delivery systems. The assimilation process via the
gastrointestinal (GI) tract is a paramount condition for the delivery of any xenobiotic active compound
to target tissues. In order to reach the vascular circulation, orally administered drugs usually have to
pass through the small intestinal barrier. However, some active compounds are especially vulnerable
to the harsh GI environment and, therefore, require protection during transit in order to prevent
degradation [1]. In this context, nanoparticles constitute novel candidates as future carrier-type
agents [2]. Furthermore, human exposure to food products containing nanoparticulate materials
is projected to increase in the near future, which calls for the development of a reliable screening
solution [3].
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The intestinal mucosa constitutes the major absorption site in vivo, with nutrient and xenobiotics
having to penetrate two types of barriers—an acellular mucus layer and the intestinal epithelium.
The latter is composed of a heterogeneous population of terminally differentiated cells which are
constantly renewed by Lgr5+ and +4 stem cells located at the crypt base level, making the mammalian
intestinal epithelium renowned for having one of the highest turnover rates in the body [4]. Up to 80%
of the cells that make up the tissue are absorptive enterocytes, followed by mucus-secreting goblet
cells which, ratio-wise, vary between 10 and 24%, depending on the GI tract region in which they
are located [5]. Lymphatic follicles cluster in different regions of the ileum and are known as Peyer’s
patches. These patches are covered by a specialized tissue called the follicle-associated epithelium
(FAE), which is composed of mainly enterocytes and M (microfold) cells that interact with the local
immune system, mediating antigenic influx as well as bacterial attachment [2,6,7]. Paneth immune cells
are also part of the epithelium—located at the base of Lieberkühn’s crypts, they produce acidophilic
granules containing antibacterial and digestive enzymes. Enteroendocrine cells account for around 1%
of the intestinal monolayer and are sporadically dispersed throughout the intestinal mucosa [4].

There is currently a wide array of in vitro intestinal models being used in studies that aim to
estimate/predict drug absorption in vivo. Even though there has been a surge in the development of
organotypic (3D) models [8–10] and organs-on-chip (body-on-a-chip) systems [11,12], the majority of
transport studies rely on simpler, in vitro co-culture models using conventional cell lines. There are
many advantages in terms of cost and their good reproducibility and fidelity, yet the use of tumoral
cell lines (which is common practice in most 2D in vitro intestinal models) raises several concerns
regarding the ability of the models to accurately reflect in vivo intestinal absorption. More often than
not, tumoral cells are found to overexpress key proteins [13,14], and they generally exhibit an altered
transcriptional regulation phenotype that may impact tissue permeability. For example, the Caco-2
adenocarcinoma cell line has been used extensively for the past couple of decades in nutrient and
drug transport studies as an adequate in vitro model of the intestinal mucosa [15,16]. However, due to
the overexpression of tight junction protein complexes [5,17–20], simple Caco-2 monolayers fail to
provide a reliable estimation of in vivo paracellular permeability of small hydrophilic compounds.
To address this issue, Caco-2 cells are routinely co-cultured alongside HT29-MTX (goblet-like) cells [18]
on Transwell® inserts (Figure 1).

Figure 1. Illustration of a common experimental model used in intestinal transport studies. The cells
are cultivated on inserts supplied with semipermeable membranes through which microparticulate
diffusion may occur. Monolayer integrity is usually assessed by measuring transepithelial electrical
resistance (TEER) using chopstick electrodes inserted in the apical (AP) and basolateral (BL)
compartments of the well.

This co-culture model allows for modulating intercellular junction geometry, thereby fine-tuning
the effective permeability (Peff) of the monolayer by simply adjusting the initial cell seeding ratio [17].
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The human adenocarcinoma line HT-29 preconditioned in methotrexate (MTX) has the added benefit
of expressing mucins in culture [21]—the resultant mucus layer produced constitutes an additional
physical barrier [6], potentially impeding xenobiotic transport across the epithelium as would be the
case under in vivo conditions. Intestinal permeability correlates with the rate of compound transport
across the mucosa, which is calculated according to the following equation:

Peff =
dQ V

dt A C0
[cm/s], (1)

where dQ/dt represents the apparent flow rate in time across the monolayer (mM/mL·s), V is the
volume (mL) within the receiving compartment (BL), C0 is the initial concentration of the compound
(mM) in the donor compartment (AP), and A is the exposed tissue surface area (cm2).

The physicochemical properties of the compounds that are tested in transport studies also have a
huge impact on the rate of absorption and, in some cases, require functionalization in order to facilitate
(or even allow) assimilation across the intestinal mucosa [3]. Depending on the nature of the compound,
it may reach the other side of the epithelium by way of the transcellular or paracellular route (via
passive diffusion), transcytosis, or active transport (via carrier-mediated transport), as depicted in
Figure 2.

Figure 2. Schematic illustration of the possible transport pathways across the intestinal epithelium,
depending on the nature of the compound being absorbed.

It is worth keeping in mind that, in reality, xenobiotic assimilation depends on many more
variables. Bioavailability (F) is among the most crucial parameters in the field of pharmacokinetics,
as it describes the fraction of compounds that manage to penetrate the intestinal barrier and reach
blood circulation in their unaltered form [22]:

F = fa (1 − EG) · (1 − EH), (2)

where fa is the absorbed fraction of the dose administrated (mass/dose), while considering first-pass
metabolism of the compound in the gut wall (EG) and liver (EH). These are variables which current
in vitro co-culture models cannot account for.

Although Caco-2/HT29-MTX co-cultures are routinely used in transport studies, the model is yet
to be fully characterized, especially when compared with the well-established Caco-2 monoculture
model. The present study aims to add to the already established body of work in this direction [5,23]
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while assessing the potential of two types of nanoparticles for oral drug delivery or screening
perspectives. We established several Caco-2/HT29-MTX cultures by altering the initial seeding ratios
(10:0, 7:3, 5:5, 0:10). The cells were cultured using Transwell® systems and were allowed to develop
into stable monolayers for 21 days before exposing them to non-cytotoxic concentrations (20 μg/mL)
of silicon quantum dots (Si QDs) and iron oxide (α-Fe2O3) nanoparticles. According to our previous
investigations [24,25], we chose to conduct the transport study using the concentration of 20 μg/mL for
both types of nanoparticles. Those particular studies showed that this dose does not induce changes
in the number of viable cells or have cytotoxic effects. Using a lower concentration would not be
appropriate for the objective of the study, as it could impede proper particle detection by conventional
methods and alter the particles’ potential drug delivery function, while a higher concentration results
in more aggregates and increased cell toxicity. Transepithelial electric resistance (TEER) was measured
before and after exposure, and monolayer permeability (Peff) was assessed via the paracellular marker
Lucifer Yellow. At regular intervals during the 3-h transport study, samples were collected from the
basolateral compartments for detection and quantitative testing. Cell morphology characterization
was done by actin cytoskeleton labeling, and Alcian Blue/eosin staining was performed on insert
cross-sections in order to compare the intestinal models and evaluate the production of mucins.

2. Materials and Methods

2.1. Nanoparticles

The Si QDs and α-Fe2O3 nanoparticles used in this study were produced at the Laser Department
from the National Institute of Lasers, Plasma and Radiation Physics, Bucharest-Măgurele. The silicon
nanoparticles were synthesized via a pulsed laser ablation technique by irradiating a silicon target
in an ambient gas (such as argon or helium), which was introduced into the chamber at a constant
pressure and gas flow rate. These nanoparticles exhibit a strong red visible luminescence, and the
photoluminescence spectrum places the maximum intensity emission at ~690 nm. At room temperature,
QDs show a broadband emission spectrum in the approximate range of 400–800 nm under a 325 nm
excitation wavelength. The production process and characterization of the nanomaterials (Table 1)
are detailed in previous works [24,26]. Briefly, TEM images reveal irregularly shaped nanoparticle
particulate aggregates which can be easily disrupted and dispersed by sonication; the Si QDs have
a spherical morphology and measure roughly 6–8 nm in diameter. Iron oxide nanoparticles of the
α form of hematite (Fe2O3) were assessed using a high-resolution transmission electron microscope
(Philips CM120). The size distribution places them in the range of 10–120 nm (most being between
40 and 60 nm). A Bruker AXS/D8 Advance X-ray diffractometer was used to conduct crystallinity
analysis [25]. The characterization of hydrodynamic size and zeta potential was performed in distilled
water using a Malvern Zetasizer Nano-ZS instrument (Malvern Instruments, Malvern, UK) with
an equilibration time of 1 min at 25 ◦C using a refractive index of 1.52 for silicon dioxide and 2.93
for hematite.

Table 1. Physicochemical characteristics of α-Fe2O3 and Si quantum dot (QD) nanoparticles as
described previously [24–26].

Characteristics α-Fe2O3 [25] Si QDs [24,26]

Form of synthesis Powder Powder
Method of synthesis Laser ablation Laser ablation

Purity >99% >99%

Structure α form of Fe2O3 (hematite) Crystalline silicon core covered by an
amorphous SiO2 shell

Morphology Spherical particles Spherical particles
Average particle size 40–60 nm 6–8 nm

Hydrodynamic size in water 250–300 nm 250–300 nm
Z-potential in water −30 mV −27 mV
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2.2. Cell Culture

In a preliminary phase, Caco-2 (cat. no. CRL-2102) and HT-29 (cat. No. HTB-38) cell lines
purchased from American Type Cell Culture (ATCC, USA) were grown separately in complete medium
consisting of Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% heat-inactivated
FBS and 1% antibiotics. The cultures were maintained in a humid atmosphere at 37 ◦C with 5% CO2 and
were routinely subcultured once a week with 0.25% trypsin and 0.53 mM EDTA. For several months,
HT-29 cells were treated with methotrexate (MTX) according to the original protocol developed by
Lesuffleur et al. [27].

Subsequent to the stabilization of HT29-MTX (mucus-secreting) clones, co-cultures were initiated.
The cells were seeded on 12-well plates with Transwell® inserts (with polycarbonate membranes, 3 μm
pore size, Corning B. V. Life Sciences, USA) at a final density of 100,000 cells per well, regardless of the
final seeding ratio (Caco2:HT29-MTX): 10:0, 7:3, 5:5, and 0:10.

2.3. Transport Study Design

We exposed Caco-2, HT29-MTX, and co-cultures to non-cytotoxic concentrations (20 μg/mL) of
Si QDs and α-Fe2O3 nanoparticles and to Lucifer Yellow (50 ug/mL). The nanoparticle suspensions
were sonicated and dispersed using an ultrasonic processor Hielscher UP50H (Hielscher Ultrasonics
GmbH, Germany). Hank’s Balanced Salt Solution (HBSS) was chosen as the transport buffer during the
experiment. Particles were quantified by measuring absorbance/fluorescence levels for each (α-Fe2O3

nanoparticles: absorbance −325/500 nm; Si QDs: wavelength excitation/emission −325/644 nm;
wavelength excitation/emission −405/535 nm) using the Flex Station 3 Multireader (Molecular
Devices, USA). TEER monitoring was performed using a Millipore®Millicell Electrical Resistance
(ERS) system (Millipore, USA). Measurements were performed at three different points of each well,
and the final TEER was calculated according to the following formula:

TEERfinal = (TEERmean [Ω] − TEERblank [Ω]) × Awell (1.12 cm2) [Ω cm2] (3)

2.4. Cell Morphology Analysis

At the end of an incubation time of 3 h, Transwell inserts were removed and fixed in 4%
paraformaldehyde (PFA) for 24 h before being paraffinized, sectioned (5 μm thick cross-sections),
and stained with 1% Alcian Blue-8GX and 0.1% eosin. The procedure was done according to the
manufacturer’s kit (Bio-Optica) instructions. Briefly, the sections were placed in distilled water. Alcian
Blue pH 2.5 reagent was left to react for 30 min, after which the slides were drained and exposed to
sodium tetraborate solution for 10 min. The slides were washed in distilled water before and after
treatment with Carmalum reagent (5 min). After a series of dehydration steps using ascending alcohols
and xylene, the sections were mounted, and images were captured using an Olympus BX43 (XC30
software). Other cells that were cultured on inserts were fixed with 4% paraformaldehyde for 20 min
and permeabilized with 0.1% Triton X-100 and 2% bovine serum albumin for 40 min. F-actin was
stained for 30 min with 10 μg/mL phalloidin-FITC (fluorescein isothiocyanate), and the nuclei were
counterstained with 2 μg/mL DAPI (4′,6-diamino-2-phenylindole). The slides were examined with an
inverted fluorescence microscope Olympus IX71 (Olympus, Tokyo, Japan).

2.5. Statistical Analysis

All experiments were performed in triplicate. Data are expressed as the mean value ± standard
deviation (SD) of the three independent experiments (n = 3). Statistical differences between samples
were analyzed by Student’s t-test executed in Microsoft Office software (Excel 2007), and a value of
p < 0.05 was considered to be statistically significant.
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3. Results

3.1. Monolayer Integrity Assessment

The intestinal models tested in the present study recorded similar TEER values to those reported
in the literature. After 14 days in culture, the Caco-2 cell line alone produced a very compact
monolayer (TEERμ = 369 Ω cm2); measurements taken a week after revealed a steep drop to
228 Ω cm2, and a similar phenomenon was observed in the case of the Caco-2/HT29-MTX co-cultures
seeded at a 7:3 ratio. This would indicate a tissular integrity alteration of around 38%, as seen in
Figure 3. The co-cultures initially seeded at equal ratios and goblet cell-like monocultures evolved in a
predictable pattern, with steadily increasing TEER values over time. However, the TEER measurements
taken 1 week apart for the co-cultures with a higher ratio of Caco-2 (7:3), as well as the Caco-2
monolayers alone, were lower than expected. Nonetheless, after 21 days, the TEER values overall
maintained a similar differential rate of increase across models, corresponding to the increasing ratio
of Caco-2 initially seeded.

Figure 3. Transepithelial electric resistance (TEER) evolution before initiating the transport
study. The TEER values were measured 14 and 21 days after seeding (on Transwell inserts) the
Caco-2:HT29-MTX cell cultures in four different ratios: 0:1, 5:5, 7:3, and 1:0. Data are expressed as
means ± standard deviation (SD) (n = 3).

Regardless of whether the models were exposed to the nanoparticle suspension or not, at the end of
the experiment, all groups displayed significantly lower TEER values (see Figure 4), which suggests that
other variables at play affect monolayer integrity. Interestingly, when compared with the monocultures,
the co-culture models recorded the highest alteration levels, but only if they were exposed to either
type of nanoparticle suspension during this time. The 7:3 seeding ratio (Caco-2/HT29-MTX) was
selected for further investigations, as it is a better model in terms of approaching the in vivo ratio
of enterocytes and mucus-producing goblet cells compared with the other ratios tested. As seen in
Figure 3, the Caco-2/HT29-MTX model seeded at a ratio of 7:3 was able to achieve TEER values similar
to those cited in the literature [5,28,29], which points to an adequate distribution of tight junctions and
confluent cell layer homogeneously covered with mucus.
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Figure 4. TEER alteration for control cells (A), cells incubated with Lucifer Yellow (B), with Si QDs (C),
and with α-Fe2O3 nanoparticles (D). Comparison between three intestinal models (Caco-2, HT29-MTX,
and co-culture) before initiating the transport study (T0) and after a 3-h exposure to the nanoparticles
(T180). TEER alteration in time (expressed as a percentage) was calculated in order to compare the
difference between the initial values and those measured at 180 min. The calculation was as follows:
TEER alteration percent (%) = (T0 − T180)/T0 × 100. Data are expressed as means ± standard deviation
(SD) (n = 3). * p < 0.05 compared with T0.

3.2. Comparative Morphological Characterization

In order to assess whether the HT29-MTX cell line had produced mucus, three inserts were chosen
from the control group, each containing a different seeding-ratio developed model, as seen in Figure 5.

 

Figure 5. Insert cross-sections after 21 days in culture. Staining with 1% Alcian Blue highlights the
production of mucins (black arrows) by HT29-MTX cells. The monolayers were counterstained with
0.1% eosin.

55



Nanomaterials 2019, 9, 5

Despite the fact that all co-culture models had an identical initial seeding density, Alcian
Blue-stained cross-sections show that, after 3 weeks, HT29-MTX monocultures proliferated more,
resulting in the formation of a 3D diffused multilayer around the polycarbonate membrane. Compared
with the Caco-2 monolayers, the co-culture model exhibited a more intense Alcian Blue staining, which
suggests the incorporation of HT29-MTX mucus-producing cells.

Alcian Blue staining revealed morphological alterations following the 3-h exposure to Si-QDs
or Fe2O3 nanoparticle suspensions (Figure 6). Comparative characterization of the monolayers after
exposure was also conducted using F-actin staining (Figure 7), and the results corroborated the TEER
results and the cross-sectional areas stained with Alcian Blue.

Figure 6. Insert cross-sections of the Caco-2/HT29-MTX intestinal model seeded at a 7:3 ratio following
a 3-h exposure to nanoparticles. The cells were stained with 1% Alcian Blue/0.1% eosin in order to
detect mucin production. Monolayer disruptions of the experimental groups are visible compared
with controls.

 
Figure 7. Fluorescence staining of the actin cytoskeleton of Caco-2/HT29-MTX monolayer after the 3-h
transport study. F-actin is marked with fluorescein isothiocyanate (FITC)-phalloidin (green). Nuclear
counterstain with 4′,6-diamidino-2-phenylindole (DAPI) (blue). Note the aggregates of α-Fe2O3

nanoparticles (white arrows) on the top of the cells.

3.3. Transport Study

During the 3-h transport study, neither Si QDs nor Fe2O3 nanoparticles permeated across the
monolayer insert to reach the receiving compartment (data not shown). The paracellular marker
Lucifer Yellow passively diffused and reached the basolateral compartment, where it was detected
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(Figure 8). The Lucifer Yellow transport rate correlates with TEER measurements—the progressive
integrity loss of the monolayers and, implicitly, the loosening of tight junction complexes established
by Caco-2 cells would result in the increase of effective permeability, even without considering their
initial seeding ratio.

Figure 8. Effective permeability increases across all intestinal in vitro variants (top graph). Lucifer
Yellow transport over time (bottom graph) shows the relative amount (in percentages) of the
paracellular marker, which was detected at five measurement points during the experiment. Data are
calculated as means ± standard deviation (SD) (n = 3).

4. Discussion

Drug permeability coefficients have been historically assessed using simple Caco-2 cultures. This
classical intestinal model does present itself with many limitations, one of which is an abnormally high
transepithelial electrical resistance (TEER). TEER measurements ensure the consistent monitoring of
tissular integrity because it is a highly sensitive, non-invasive technique. TEER values also inversely
correlate with paracellular permeability, making it the method of choice for intestinal transport
studies [30]. In vivo studies reveal different TEER values between different regions of the human
gut; post-confluent Caco-2 monocultures are known to generate signals that vary between 150 and
500 Ω cm2, whereas in vivo TEER recordings place the intestinal epithelium in a realistic range of
12–69 Ω cm2 [17,30]. This significant difference can be explained by the fact that Caco-2 cells in culture
form many more tight junctions.

When comparing the TEER measurements of co-cultures seeded at different cell ratios (5:5 and
7:3), the data imply convergence in time toward similar transepithelial electrical resistance values
(Figure 3). This suggests an internal restructuring process which alters the initial cell type seeding
ratio and is congruent with the work of Chen et al. [28], whose study showed, using a Taguchi
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experimental design, that neither the initial enterocyte-goblet cell ratio nor the cellular density had a
significant impact on TEER recordings or the transport of active compounds. Intercellular signaling
could account for these results, with both cell lines modulating each other’s growth and proliferation
and reaching an equilibrium, regardless of the initial seeding rate. Tumoral cell lines are known to
produce and release a series of growth factors which play a crucial role in intestinal development [31].
For example, the expression of epidermal growth factor receptors (EGFRs) in Caco-2 cells is modulated
by the substrate on which they are grown, as well as their differentiation stage [32]. Their cellular
proliferation is highly affected if they are exposed to vitamin D3, which also leads to increases in
alkaline phosphatase (ALP) expression [33]. In contrast, insulin-like growth factor 1 (IGF-1) has a
positive, dose-dependent effect on Caco-2 proliferation [31].

TEER measurements taken 1 week later for the co-cultures with the higher ratio of Caco-2 (7:3)
and the Caco-2 monolayers alone were lower than expected (Figure 3). One possible explanation for
this is that, unlike HT29-MTX, the Caco-2 cell line has higher requirements in terms of cell culture
media, thereby inhibiting cellular expansion in a post-confluent setting. Caco-2 cells grow well on
media enriched with 16.5% fetal calf serum (FCS); however, co-culture models must consider the
requirements of all the cell lines involved. This study took into account recommendations provided
by other research [5] and exposed the cells to a lower concentration of fetal bovine serum (10% FBS).
Unlike Caco-2, goblet-like HT29-MTX cells grow well in less strict conditions and require a low amount
of glucose; moreover, the cell line is a known producer of lactic acid which can significantly lower the
environmental pH. This was observed during handling of the cell line and may account for the lower
than expected TEER values of the co-cultures [27].

Previous studies show that many factors, including medium composition and cell culture time,
impact TEER values and permeability coefficients of many routinely tested drugs [5,31]. This points
to the degradation of the monolayers after a certain time in culture elapses, which results in more
permeable intestinal models for compounds that employ the paracellular route. This hypothesis,
however, does not account for the higher alteration levels observed for the co-culture models that were
part of the experimental groups. This preliminary result suggests that even though the nanoparticle
suspensions were dosed such as to not reach cytotoxic levels for either cell line, the co-culture model
somehow renders them more vulnerable and more responsive to the materials.

One possible explanation was given by Soto et al. [34], who attributed the cytotoxic effects of
some nanoparticulate materials to their inherent tendency to precipitate on top of the cells and form
visible aggregates. We noticed a similar phenomenon occurring, prompting further work in order to
properly functionalize them and increase their solubility in buffer solutions. Iron oxide nanoparticles
are often challenging to work with in this regard—for example, cellular intake of superparamagnetic
iron oxide nanoparticle variants (UPSIO NPs) required further functionalization with an oleic acid
coating [35]. Even though iron oxide particles are insoluble at physiological temperature and pH,
interfacial hydration of anhydrous hematite increases solubility, which enables the cellular uptake of
α-Fe2O3 NPs with the release of ferric ions and generation of hydroperoxyl radicals [25].

QD uptake via the gastrointestinal tract is a new subject that has attracted researchers’ attention
due to their biomedical applications, such as in vivo imaging and drug delivery. Degradation of QDs
can occur in acidic environments, including the stomach, and can release toxic elements, such as
cadmium ions in the case of CdSe-based QDs. Thus, the evaluation of the biodistribution and stability
of QDs in the digestive tract is a matter of great interest nowadays. Studies have shown the possibility
to modify the surface of particles by different coating approaches in order to achieve their resistance
to strong acidic solutions and intestinal permeability [36]. Due to their tendency to aggregate [24],
QDs will not easily translocate through the intestinal epithelial barrier [37], as we have seen in this
current study.

Nanoparticle transport across the monolayer was not detected using the quantitative method
described in this study. Our working hypothesis is that both types of nanoparticles tested could
not diffuse across the monolayer due to their tendency to form aggregates and settle on top of
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the cells. These nanoparticle aggregates are of a micrometric size and could not be measured by
conventional, currently used methods, such as dynamic light scattering (DLS), as this assay requires
a properly prepared sample. We measured the hydrodynamic size by DLS (Table 1) of the samples
without aggregates, and we obtained values between 250 and 300 nm regardless of the type of
particles (quantum dots or iron oxide particles), with the values increasing in the cell culture medium,
as previously shown [38]. In addition, the Z-potential of the tested nanoparticles was negative in
distilled water, near the value of −30 mV, confirming the negative charge of these particles. We suggest
that this Z-potential value did not interfere with the TEER measurements, as we did not observe any
difference between the value measured in the Transwell inserts with only PBS (blank) and those only
with particles in PBS.

In conclusion, the current study partly achieved its goals concerning the characterization of the
in vitro intestinal model Caco-2/HT29-MTX in a transport study setting. Further quantitative testing
for the purpose of evaluating nanoparticle toxicity is required, as well as preventing aggregation.
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Abstract: Graphene oxide (GO), the oxidized form of graphene, shows unique properties including
high mechanical strength, optical transparency, amphiphilicity and surface functionalization
capability that make it attractive in fields ranging from medicine to optoelectronic devices and solar
cells. However, its insolubility in non-polar and polar aprotic solvents hinders some applications.
To solve this issue, novel functionalization strategies are pursued. In this regard, this study deals
with the preparation and characterization of hexamethylene diisocyanate (HDI)-functionalized GO.
Different reaction conditions were tested to optimize the functionalization degree (FD), and detailed
characterizations were conducted via elemental analysis, Fourier-transformed infrared (FT-IR) and
Raman spectroscopies to confirm the success of the functionalization reaction. The morphology of
HDI-GO was investigated by transmission electron microscopy (TEM), which revealed an increase in
the flake thickness with increasing FD. The HDI-GO showed a more hydrophobic nature than pristine
GO and could be suspended in polar aprotic solvents such as N,N-dimethylformamide (DMF),
N-methylpyrrolidone (NMP) and dimethyl sulfoxide (DMSO) as well as in low polar/non-polar
solvents like tetrahydrofuran (THF), chloroform and toluene; further, the dispersibility improved
upon increasing FD. Thermogravimetric analysis (TGA) confirmed that the covalent attachment of
HDI greatly improves the thermal stability of GO, ascribed to the crosslinking between adjacent sheets,
which is interesting for long-term electronics and electrothermal device applications. The HDI-GO
samples can further react with organic molecules or polymers via the remaining oxygen groups,
hence are ideal candidates as nanofillers for high-performance GO-based polymer nanocomposites.

Keywords: graphene oxide; functionalization; hexamethylene diisocyanate; dispersion;
functionalization degree; morphology; hydrophobicity; thermal stability

1. Introduction

Graphene (G), an allotrope of carbon like diamond, graphite and fullerenes, has attracted a lot
interest in recent years both for fundamental studies and potential applications [1]. It is a flat, atomically
thick two-dimensional (2D) sheet composed of sp2 carbon atoms arranged in a honeycomb structure. It
presents superior electronic, thermal and mechanical properties, very large surface area and the highest
electrical conductivity known at room temperature [2]. Its extremely high carrier mobility, broad
absorption spectral range, high optical transparency and abundance make very attractive material in
various fields ranging from medicine [3] or high-performance composites [4] to chemical sensors [5]
and solar cells [6].
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Several routes have been reported for the preparation of G, including chemical vapor deposition
(CVD) of hydrocarbons onto transition metal surfaces, micromechanical exfoliation of graphite,
epitaxial growth on electrically insulating substrates like SiC wafers, electrochemical intercalation,
thermal exfoliation or chemical reduction of graphite oxide [7]. However, these approaches lead
to a low production yield and are time consuming. Further, due to its hydrophobic nature and
strong van der Waals forces between adjacent sheets, it is insoluble in water or common organic
solvents and displays poor dispersion in most solvents, which hinders its applications. In this context,
graphene oxide (GO), originated from the exfoliation of graphite oxide or the chemical oxidation
of G [8], has been studied in much research as an alternative to G. The established advantages of
GO in production yield and cost make it an attractive candidate as nanofiller in polymer composites.
GO is a water-soluble nanomaterial since it comprises epoxide, hydroxyl and carbonyl groups on
the basal planes and carboxylic acids on the edges. Thus, upon sonication in aqueous media, it
easily exfoliates and forms stable colloidal suspensions due to its strong hydrophilicity [9]. However,
the exfoliation of GO in organic solvents is hindered due to strong hydrogen bonding interactions
between adjacent layers. Improving the dispersibility of G-based materials in organic media is crucial
from an application viewpoint, hence novel functionalization strategies are pursued. In this regard,
the dispersion ability of G and GO in a wide range of solvents has been reviewed [10,11]. If the
number of hydrogen bond donor groups in GO is reduced via chemical functionalization, the layers
would become less hydrophilic and the strength of interlayer hydrogen bonding will be attenuated,
thus allowing for exfoliation in organic solvents. Such functionalization was first demonstrated by
Lerf et al. [12], who prepared a series of chemically modified graphite oxide derivatives.

Owed to its π electrons delocalized over the entire 2D network, G is somewhat chemically
inert, hence covalent chemical functionalization of pristine G is a challenging task that typically
requires reactive species that can form covalent adducts with the sp2 carbon structures in G through
free radical addition, CH insertion, or cycloaddition reactions [13]. Consequently, most of the
research activity has been carried out in the field of chemical modification of GO, one of the hottest
topics in nanotechnology that has been explored by a large number of studies [14,15]. In particular,
the addition of nucleophilic species, such as amines or hydroxyls, attaches functional groups to
GO via formation of amides or esters [14]. The attachment of aromatic or aliphatic amines like
polyaniline, pyrrolidine, ethylenediamine, and so forth led to GO derivatives that were homogeneously
dispersed in water, N,N-dimethylformamide (DMF), dimethyl sulfoxide (DMSO), and ethanol, but
dispersed poorly in methanol, acetone or propanol and could not be suspended in chloroform,
dichloromethane or toluene [16,17]. Polymers such as poly(ethylene glycol), poly(vinyl alcohol)
and poly(2-(dimethylamino)ethyl methacrylate) have also been attached to GO via grafting-to or
grafting-from approaches [18,19], and the resulting materials showed increased dispersibility in many
solvents, including water, methanol, NMP or DMSO.

An interesting approach is the isocyanate functionalization proposed by Stankovich et al. [20].
In their work, reactions between different organic isocyanates and the hydroxyl and carboxyl groups
of GO were tested to reduce the amount of hydrogen bonds with donor groups on GO sheets, thus
reducing the nanomaterial hydrophilicity. As a result, the isocyanate-treated GO samples could be
exfoliated in some polar aprotic solvents such as DMF, after a mild ultrasonication, albeit they could
not be dispersed in non-polar solvents. In addition, the epoxy groups of GO can be easily modified
through ring-opening reactions, and the resulting materials were well-dispersed in solvents such as
water, DMF and DMSO [21].

In most of the aforementioned studies, the resulting GO derivatives showed improved
dispersibility both in aprotic and protic polar organic solvents. However, their dispersibility in
moderately polar or non-polar solvents was not increased, and this still restricts their use in certain
applications like polymeric-based solar cells. In this regard, the aim of the present work is to synthesize
and characterize chemically modified GO samples via treatment with hexamethylene diisocyanate
(HDI) that can form stable dispersions in a wide range of solvents with different polarities. For such
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purpose, GO was first prepared using a modified Hummers´ method from flake graphite [8] and then
reacted with HDI in the presence of triethylamine (TEA) as a catalyst to yield functionalized HDI-GO
nanosheets (Scheme 1).

Scheme 1. Schematic representation of the synthesis procedure of hexamethylene diisocyanate
(HDI)-functionalized graphene oxide (GO).

Different reactions conditions were tested in order to optimize the functionalization degree (FD),
and detailed characterizations were conducted to confirm the successful functionalization of HDI on
the GO surface. The resulting HDI-functionalized GO derivatives showed a more hydrophobic nature
than pristine GO and could be suspended in polar aprotic solvents such as DMF, N-methylpyrrolidone
(NMP) and DMSO, as well as in some low polar/non-polar solvents like tetrahydrofuran (THF),
chloroform and toluene. In addition, the thermal stability was investigated to evaluate the effect
of the functionalization on the thermal properties of the nanomaterials. Given that the FD of GO
can be controlled by modifying the reaction conditions, it is feasible to synthesize GO sheets with
partial HDI functionalization, which could be further subjected to a chemical reaction with other
organic molecules or polymers via the residual hydroxyl groups. Further, depending on their FD,
their solubility and dispersibility in different solvents can be tailored, which is interesting for the
preparation of composites via mixing with polymers that have different solubilities. They could also
be used in functional applications including electromagnetic wave absorption materials, electronic
devices, field-effect transistors, memory devices, printable electronics, hydrogen storage as well as
electrodes in lithium ion batteries, ionic conductors and supercapacitors [13,14]. Besides, due to their
more hydrophobic features, they could enable the oil enrichment for the crude oil separation from
seawater, and would be useful in coatings, biomedical devices, ultrasensitive sensors and biosensors.

2. Materials and Methods

2.1. Reagents

Natural graphite was obtained from Bay Carbon, Inc. (Bay City, MI, USA). H2SO4, KMnO4, P2O5,
K2S2O8 and H2O2 (30 wt% in water) were purchased from Sigma-Aldrich (St. Louis, MO, USA) and
used as received. HDI (>99%, C8H12N2O2, Mw = 168.196 g/mol) was acquired from Acros Organics
(Pittsburgh, PA, USA). TEA (>98%, N(CH2CH3)3, Mw = 101.193 g/mol) was obtained from Fluka
Analytical (Munich, Germany). All the organic solvents were high performance liquid chromatography
(HPLC) grade and were purchased from Scharlau S.L. (Barcelona, Spain). Toluene was dried and
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purified with a MBRAUN solvent purification system (Regensburg, Germany). Ultrapure water was
obtained from a Millipore Elix 15824 Advantage 15 UV purification system (Bay City, MI, USA).

2.2. Synthesis of GO

GO was prepared using a modified Hummers´ method from flake graphite [3,8]. Briefly, graphite
powder, H2SO4, K2S2O8, and P2O5, were heated at 80 ◦C for 5 h. After cooling, deionized water was
added to the mixture and it was stirred overnight. The resulting product was then filtered, dried under
air and oxidized again via addition of H2SO4, KMnO4 and water in an ice-water bath. Following to
dilution with water, excess KMnO4 was decomposed by addition of 30 wt% H2O2 aqueous solution
and then 5 wt% HCl aqueous solution. The product was filtered again and purified by repeating the
following cycle: Centrifugation, removal of the supernatant liquid, addition of aqueous solution of
H2SO4 (3 wt%)/H2O2 (0.5 wt%) and bath ultrasonication for 30 min at a power of 140 W. Then, it was
washed several times with deionized water and finally vacuum freeze-dried before use.

2.3. Synthesis of HDI-Functionalized GO

The whole process was carried out under inert atmosphere of argon in order to avoid
contamination during the functionalization reaction. In a typical experiment, GO powder (c.a. 250 mg)
was weighed and loaded into a 100-mL round-bottom flask, followed by addition of dried toluene
(25 mL) under Ar atmosphere. The suspension was then ultrasonicated in an ultrasonic bath for 2 h; in
some experiments, the bath sonication was preceded by probe sonication cycles (5 min on/5 min off,
40% amplitude). The sonication conditions were chosen according to preliminary studies carried out in
the group [22]. The GO dispersion was then transferred to a reactor equipped with mechanical agitator,
thermometer and reflux condenser. Subsequently, TEA (c.a. 8.75 mL) and HDI (5 mL) were added
dropwise via a dropping funnel. The mixture was heated to 60 ◦C and stirred at 350 rpm overnight
under inert atmosphere. The resultant slurry reaction mixture was then poured into methylene
chloride to coagulate the product, and finally filtered, washed thoroughly with methylene chloride
and dried under vacuum to yield HDI-GO. A schematic representation of the synthesis procedure of
functionalized HDI-GO is shown in Scheme 1.

The reaction conditions, namely reaction temperature, reaction time, GO/HDI/TEA ratio,
tip/bath sonication cycles and solvent volume, were varied in order to determine their effect on
the product yield. The conditions of each experiment and nomenclature of the different HDI-GO
samples obtained herein are detailed in Table 1. Similar to pristine GO, the HDI-functionalized GO
samples consisted in fine powders. With increasing functionalization degree, the color changed from
dark black to metallic grey, indicative of loss of aromatic character.

Table 1. Nomenclature and reaction conditions for the synthesis of the different HDI-GO samples.

Entry Sample
Reaction
Time (h)

Reaction
Temperature

(◦C)

GO/HDI/TEA
Weight
Ratio

Tip/Bath
Sonication
Time (min)

Solvent
Volume

(mL)

1 GO - - - - -
2 HDI-GO 1 12 60 1/1/1 0/120 25
3 HDI-GO 2 12 60 0.5/1/1 0/120 25
4 HDI-GO 3 48 60 1/1/1 0/120 25
5 HDI-GO 4 12 90 1/1/1 0/120 25
6 HDI-GO 5 12 60 1/1/1 5/120 50
7 HDI-GO 6 12 60 1/1/1 5 + 5 + 5 */120 50

* 3 probe sonication cycles with 5 min of break between cycles.
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2.4. Instrumentation

A Selecta 3001208 ultrasonic bath and a 24 kHz Hielscher UP400S ultrasonic tip processor
(maximum power output of 400 W, Teltow, Germany) equipped with a titanium sonotrode with
a diameter of 7 mm and length of 100 mm were used to prepare the GO and HDI-GO dispersions in
the different solvents.

Elemental analysis was carried out with a LECO CHNS-932 elemental analyzer (Stockport,
UK). Chromatograms were recorded on a gas chromatography/mass spectrometry (GC-MS, Santa
Clara, CA, USA) turbo system (5975-7820A) model equipped with a HP-5MS capillary column
(30 m × 0.25 mm × 0.25 μm), under the following conditions: Injector temperature 250 ◦C, detector
150 ◦C, oven temperature program: 50 ◦C ramp 5 ◦C/min until 100 ◦C, another ramp 10 ◦C/min until
230 ◦C (15 min).

Nuclear magnetic resonance (NMR) spectra were recorded using Varian Mercury 300 spectrometer
(Santa Clara, CA, USA). Chemical shifts (δ) are reported in ppm and were measured relative by the
internal referencing to the CDCl3 (1H).

Fourier-transformed infrared (FT-IR) spectra were recorded with a Perkin Elmer Frontier FTIR
spectrophotometer (Waltham, MA, USA) equipped with an Attenuated Total Reflection (ATR) sampling
accessory. Spectra were recorded at room temperature, in the wavenumber range of 500–4000 cm−1,
with an incident laser power of 1 mW and a minimum resolution of 4 cm−1. Prior to the measurements,
the powder samples were mixed and ground with KBr, and the mixtures were then pressed into a
round transparent pellet in a pellet-forming dye.

Room temperature Raman spectra were obtained with a Renishaw Raman microscope
(Gloucestershire, UK) equipped with a He-Ne laser (632.8 nm). The laser power at the sample was
1 mW. Three scans were recorded for each sample to reduce the signal-to-noise ratio. For comparative
purposes, spectra were normalized to the G band.

Transmission electron microscopy (TEM) images were acquired with a Philips Tecnai 20
FEG (LaB6 filament) electron microscope (Philips Electron Optics, Holland) fitted with an EDAX
detector, operating at 200 kV and with 0.3 nm point-to-point resolution. Samples were prepared by
re-suspending in an ultrasonic bath about 2 mg of each sample powder in 5 mL of DMF. A drop of
each suspension was cast on 200 mesh Lacey copper grids and dried under reduced pressure.

Water contact angle measurements were carried out at room temperature using a Ramé-Hart
Model 500 Advanced Goniometer (Succasunna, NJ, USA). Prior to the measurements, the samples were
dispersed in DMF and spin coated onto silane-functionalized glass substrates. A drop of Milli-Q water
was deposited placed on the sample surface and the evolution of the droplet shape was recorded with
a CCD video camera. DROPimage Advanced v2.4 analysis software was used to determine the contact
angle. For each sample, the reported value is the average of the results obtained on three droplets.

The functionalization degree of HDI-GO and thermal stability of the samples was determined by
thermogravimetric analysis (TGA) tests under a nitrogen atmosphere using a TA-Q500 thermobalance
(Barcelona, Spain) coupled to a mass spectrometer, at a heating rate of 10 ◦C/min, from 100 to 600 ◦C.

3. Results and Discussion

3.1. Reaction Mechanism and Functionalization Degree

Organic isocyanates can react with both the edge carboxylic acid and surface hydroxyl or epoxide
functional groups of GO through formation of amides or carbamate esters, respectively [23]. Isocyanate
reactions are complicated owed to several reasons: (1) Competing side reactions, (2) reversible reaction
steps, and (3) catalytic effect of reactants and products. Thus, it turns out to be quite difficult to establish
a reaction mechanism and a kinetic model. The reactivity of isocyanate vs. different functional groups
follows the order: Primary amine > secondary amine > hydroxyl > acid > anhydride > epoxide [24].
The reaction between an alcohol and an isocyanate group to form a carbamate ester is moderate, hence
is usually catalyzed by bases, mainly tertiary amines like TEA [25]. The catalytic activity of amines
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is attributed to the presence of a lone pair on the nitrogen atom. Several mechanisms regarding the
catalytic activity of amines can be found in the literature [25–27], the most important ones being the
formation of an isocyanate-amine complex or an active hydrogen-amine complex (Scheme 2).

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2. Mechanism of the reaction between an isocyanate and a hydroxyl group to form a carbamate
ester catalyzed by ternary amines: (a) Formation of an isocyanate-amine complex; (b) formation of
active hydrogen-amine complex.

The first mechanism (Scheme 2a), proposed by Baker and Holdsworth [27] involves the reversible
nucleophilic attack on the carbon atom of the isocyanate by the amine to form a complex in which the
nitrogen of the NCO group is activated, making easier the reaction with the lone electrons of the oxygen
of the alcohol. Then, the complex is decomposed, forming the carbamate ester and regenerating the
base. Another mechanism proposed by Farkas and Strohm [25] involves the activation of the alcohol
via hydrogen bonding with the amine, resulting in the formation of a complex that subsequently reacts
with the isocyanate group (Scheme 2b).

Isocyanates can also react with carboxylic acids via an amidation reaction, albeit the yield in
conventional organic solvents is typically low [28]. Besides, the side reaction of isocyanates with water
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results in amine formation and CO2 gas release. The reaction is exothermic and is also catalyzed
by tertiary amines. It has been demonstrated that the isocyanate reactivity with water and primary
hydroxyl group is comparable, and more than double that with carboxylic acids [24]. Isocyanates also
react with amines to give ureas. On the other hand, the epoxide functionality is the least reactive; the
reaction between isocyanate and epoxide to form carbamate ester linkages is unlikely and only takes
place in the presence of special catalysts [29]. From all the above discussion, and taking into account
the IR spectra of the different HDI-GO samples (Figure 1), which show the appearance of an intense
absorption peak at ~1710 cm−1 ascribed to the C=O stretching vibration of carbamate esters [20], as
will be discussed in detail in the following section, it can be concluded that the formation of carbamate
esters via reaction of HDI with surface OH groups of GO is the most likely.

Given that HDI possesses two reactive isocyanate groups, it can act as a crosslinking agent, joining
adjacent GO layers (Scheme 1). A very high level of crosslinking is not desirable, since it can make
the exfoliation of the functionalized GO into individual sheets difficult, thus hindering subsequent
reactions with other organic molecules or polymers via the remaining oxygen groups. The crosslinking
between the GO sheets that are randomly covalently bonded by HDI to each other combined with the
higher hydrophobic character of the HDI-GO compared to GO will influence their physical properties
(i.e., solubility, polarity, thermal stability, etc.), as will be discussed in the following sections.

The results obtained from elemental analysis of neat GO and the different functionalized samples
are collected in Table 2. Assuming that the formation of carbamate esters through reaction of HDI
with the OH surface functional groups of GO is the unique reaction path, the nitrogen-to-carbon
atomic ratio can be used to roughly estimate the functionalization degree (FD). In particular, FD can
be expressed as moles of carbamate ester unit incorporated per mol of carbon atoms of GO, and the
calculated values are tabulated in Table 2. It should be noted that these values correspond to a lower
bound of functionalization; in the case of amide formation, which seems less feasible according to the
IR spectra (Figure 1) since there is no peak at around 1680–1650 cm−1 related to the amide I band, the
FG would be higher due to a loss of carbon (as carbon dioxide) from the isocyanate reagent.

Table 2. Elemental analysis data, functionalization degree (FD) and water contact angle (CA) for neat
GO and the different HDI-GO samples.

Entry Sample C (%) O (%) H (%) N (%) S (%) FD * (%) CA (◦)

1 GO 41.93 51.96 3.44 0 2.67 0 49.5
2 HDI-GO 1 53.08 35.70 4.22 6.02 0.98 12.28 75.6
3 HDI-GO 2 47.38 44.75 3.83 2.49 1.55 5.08 58.7
4 HDI-GO 3 50.36 40.16 4.01 4.46 1.01 9.10 68.6
5 HDI-GO 4 45.98 46.97 3.67 1.53 1.85 3.12 54.3
6 HDI-GO 5 55.49 31.07 4.50 8.43 0.51 17.20 89.8
7 HDI-GO 6 56.04 30.09 4.55 8.88 0.44 18.13 93.5

* moles of carbamate ester unit incorporated per mol of carbon atoms of GO.

To understand the data obtained, the factors that influence the chemical kinetics of a reaction,
namely reactant concentrations, temperature, physical states and surface areas of reactants, solvent
and catalyst concentration and properties, and so forth, have to be taken into account. The kinetics and
mechanism of tertiary-amine catalyzed reaction between isocyanates and primary alcohols have been
investigated by several authors [27,30–33], and it is commonly accepted that the reaction proceeds by
competitive consecutive second order reactions through a carbamate ester-isocyanate intermediate;
besides, the reaction rate was found to be directly proportional to the concentration of each reactant
and the amine catalyst [32].

Given that it is not possible to determine the molarity of GO because it is a non-stoichiometric
compound and it has no specific molecular weight, it was not feasible to reproduce the concentration
ratios of reactants and catalyst previously reported for the reactions of isocyanates with alcohols.
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Therefore, the first trial (HDI-GO 1) was carried out with GO:HDI:TEA weight ratios of 1:1:1, leading to
a FD of around 12% (Table 2, entry 2). Surprisingly, the increase in the amount of HDI reactant and TEA
catalyst (HDI-GO 2, with GO:HDI:TEA weight ratios of 0.5:1:1) results in a drop in FD (Table 2, entry 3).
The reaction extent is likely limited by the number of hydroxyl groups on the GO surface available for
reaction. Hence, the increase in the HDI concentration and TEA does not lead to a higher FD. It is well
known that the molecules of TEA do not associate with each other albeit form hydrogen bonds with
alcohols to some extent. Since TEA acts as a catalyst, when its concentration is increased, the excess of
molecules likely interact with the OH surface groups of GO via hydrogen bonding, hence competing
with or hindering the reaction between the hydroxyl moieties and HDI, consequently the reaction
yield does not increase or even decreases. This is consistent with the observations reported earlier by
other authors [31,33], who found that the reactivity of the OH groups depended on whether they were
free or hydrogen bonded, because the activation energies of hydrogen bonded alcohols for carbamate
ester formation were considerably higher than those of free alcohols. Further, Sato [31] found a
decrease in the reaction rate with increasing the amount of reactants. It was suggested that when
the concentration of isocyanate was doubled, it spontaneously reacted with the moisture contained
in the solvent or present in the environment and with the carbamate to produce a small amount
of the corresponding urea, thus the reaction yield was reduced. In fact, alkyl-alkyl urea has been
reported to be a major byproduct in the reactions of aliphatic isocyanates with alcohols [34]. However,
in this study the synthesis of HDI-GO was carried out under an Ar atmosphere and with dried
toluene, hence the formation of urea byproduct, in particular N,N’-dihexylurea, is not likely. Further,
under some circumstances in the presence of amine catalysts, isocyanates can form dimers, trimers or
polymerize [35] by linear polymerization and condensation with elimination of carbon dioxide to form
uretidinone, isocyanurate, and carbodiimide. In particular, traces of N,N´-dihexylcarbodiimide could
be formed by decomposition of HDI dimmers [35].

To corroborate the absence of urea and carbodiimide byproducts, the toluene removed during the
filtration stage was analyzed by gas chromatography/mass spectrometry and RMN techniques. The
chromatogram showed only one compound and the mass spectra revealed that this peak corresponded
to the initial product. The 1H NMR spectrum exhibited just three peaks related to protons of OCNCH2

[3.31 ppm, t], OCNCH2CH2 [1.70–1.55 ppm, m] and OCNCH2CH2CH2 [1.49–1.31 ppm, m]; these
chemical shifts are in perfect agreement with those of the initial HDI, which confirms the lack of
byproducts in the synthesis of HDI-GO.

Regarding the reaction carried out for 48 h (HDI-GO 3), a slight fall in FD is found (Table 2, entry 4)
compared to the initial trial. Lu et al. [24] reported that the conversion yield of the reaction between an
isocyanate and an alcohol crosses over at longer reaction times, suggesting partial reversibility and
equilibrium. Similarly, Sato [31] found that at high concentrations of both reactants, the reaction rate
decreased rapidly with increasing reaction time. These facts could explain the small drop in FD at very
long reaction times.

On the other hand, the rise in the reaction temperature (HDI-GO 4) also resulted in a lower FD
(Table 2, entry 5), which was only about 3%. This is consistent with the results reported previously for
the reaction of n-alcohols with phenyl isocyanate, where the rate of the reaction vs. 1/T followed a
straight line [30]. This behaviour could be rationalized considering that the reaction between an alcohol
and an isocyanate is exothermic, hence when the temperature is increased, the yield of products is
decreased. Besides, it has been reported that at elevated temperatures the reaction becomes rapidly
reversible [36], giving isocyanate and alcohol. This is in agreement with the IR spectrum of HDI-GO 4,
which shows a very intense O–H stretching peak at 3430 cm−1 and N=C=O stretching of the isocyanate
groups at 2260 cm−1. These peaks gradually drop in intensity with increasing FD, indicative of a lower
extent of the reverse reaction.

Another factor that could influence the reaction yield is the solvent volume. Given that the
functionalization reaction should take place on the surface groups of GO, the HDI and TEA have
to diffuse from the bulk solution to the GO surface, and the diffusion is typically the slowest stage
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that controls the overall reaction rate. The solvent facilitates the diffusion of the reactant and catalyst
towards the nanomaterial surface; if the solvent volume is too low, these cannot effectively diffuse,
and the reaction becomes saturated. Therefore, low solvent volumes likely limit the reaction yield.
Further, the solvent molecules arrange around the reactants forming solvent cages. This “cage effect”
hinders the separation of the reactant molecules and easily absorbs the excess energy of products, thus
favouring product formation [37]. The increased number of collisions caused by a stronger solvent
cage effect would increase the reaction rate.

To test this hypothesis, further experiments were carried out with double volume of solvent
(HDI-GO 5 and HDI-GO 6). Besides, to enlarge the surface area of GO available for the reaction, it was
subjected to sonication with an ultrasonic probe, a process that effectively induces the exfoliation of the
nanomaterial into thinner sheets. However, this procedure generates defects in the GO flakes: Point
defects on the basal plane and edge defects, which may have detrimental effects on the nanomaterial
properties, and the number of defects rises with increasing ultrasonication time [38]. Therefore, an
optimum balance between level of exfoliation and defect density has to be attained. For such purpose,
the probe sonication was combined with bath ultrasonication, which is less aggressive. The probe
sonication conditions (5 min at 40% amplitude) were chosen according to previous studies carried out
in the group [22]. By only applying one probe sonication cycle (HDI-GO 5), a FD of about 17% was
attained (Table 2, entry 6). Another experiment was performed by applying three probe sonication
cycles with a 5 min break between cycles, leading to a FD close to 18% (Table 2, entry 7). It is therefore
confirmed that the longer the sonication with the probe, the better the level of GO exfoliation, the larger
the surface area on which collisions can occur, hence the most effective the reaction is. Nonetheless, the
differences in the extent of the reaction between HDI-GO 5 and HDI-GO 6 are relatively small, hinting
that a saturation level has been attained and the FD has been leveled off, hence these were taken as the
optimum ones.

3.2. FT-IR Study

The chemical changes that occurred upon treatment of GO with HDI were monitored by FT-IR
spectroscopy, since both GO and the derivatives display characteristic IR spectra (Figure 1). As
mentioned earlier, GO contains epoxide and hydroxyl functional groups on both sides of its basal
plane and carboxyl moieties at the edge sites. The most characteristic features in the IR spectrum of
GO are the strong broad band centered at ~3430 cm−1 corresponding to the O–H stretching vibrations,
the peaks at around 2925 and 2845 cm−1 attributed to sp2 and sp3 C–H stretching bands produced
at defects sites of the graphene network, the peak at ~1730 cm−1 arising from the C=O stretching of
the carboxylic acid groups, the band at 1620 cm−1 assigned to the aromatic C–C stretching, that at
~1400 cm−1 corresponding to the O–H deformation [39] and the C–OH stretching at 1260 cm−1 [3].

Upon treatment with HDI, the intensity of the O–H stretching band was reduced, decreasing
gradually with increasing FD, and also shifted towards lower wavenumbers, due to the overlapping
with the N–H stretching vibrations of the carbamate groups. Further, the peaks at 2845 and 2925 cm−1

originating from symmetrical and asymmetrical stretching vibrations of –CH2– became more intense
upon raising FD, due to an increased number of methylene chains arising from the HDI. A new
band appeared in the samples with low FD at 2280 cm−1 ascribed to unreacted N=C=O group [40],
suggesting the absorption/intercalation of the organic isocyanate between the GO flakes. However, this
band can hardly be detected in the HDI-GO 5 and HDI-GO 6 samples, corroborating that the –N=C=O
groups of HDI reacted completely with the hydroxyl groups of GO. Further, the C=O stretching
appearing at 1730 cm−1 in pristine GO is hidden by a new peak at ~1710 cm−1 ascribed to the C=O
stretching of the carbamate ester groups [20]. This peak becomes more intense and shifts gradually
towards lower wavenumbers with increasing FD.

Besides, new intense bands can be observed at ~1648 and 1580 cm−1; the first can be assigned to
the coupling of the C=O stretching with in-phase N–H bending and the second to the coupling of the
N–H bending with the C–N stretching vibration [40]. These bands could originate from either amide
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or carbamate ester groups, although in the first case they typically appear at 1660 and 1550 cm−1,
whilst for carbamate esters the bands are closer together due to the stronger π-π interaction between
the carbonyl group and the nitrogen lone pair electrons, and the amide II band appears at higher
frequency [41]. These two peaks also turn out to be stronger and move to lower wavenumbers with
increasing FD, which could be indicative of increased H-bonding interactions between carbamate
esters closely located [42]. Other bands become visible at around 1110 cm−1, likely related to –C(=O)–O
and C–N stretching vibrations of the carbamate groups, at 885 cm−1 attributed to C–H out-of-plane
bending vibrations of substituted aromatic rings and at around 720 cm−1, ascribed to the rocking of
the methylene groups of HDI. On the basis of all the aforementioned observations, it can be concluded
that GO was successfully functionalized with the organic HDI reactant and that the functionalization
route via carbamate ester formation predominates.

Figure 1. Fourier-transformed infrared (FT-IR) spectra of raw GO and the different HDI-GO samples.

3.3. Water Contact Angle Measurements

Water contact angle (CA) measurements were performed to evaluate the hydrophobic or
hydrophilic character of the synthesized HDI-GO. In general, surfaces with contact angles ≥90◦

are regarded as hydrophobic, or in other words water-repellent. Figure 2 compares the contact angles
for GO (a), HDI-GO 2 (b), HDI-GO 1 (c) and HDI-GO 6 (d), and the CA values for all the HDI-GO
samples synthesized herein are summarized in Table 2. Raw GO is highly hydrophilic (CA ~50◦)
due to its large number of surface oxygen-containing groups that lead to an immediate absorption of
water and swelling of the sample. A gradual increase in CA is found upon increasing FD, indicating
lower level of hydrophilicity (wettability), ascribed to the decrease in the number of surface hydroxyl
groups due to their reaction with HDI and the higher degree of crosslinking between the GO flakes
that reduces the swelling capacity [43]. The HDI-GO samples with FD ≤12% show CA values in the
range of 54–75◦, hence can be still regarded as hydrophilic like the parent GO. It is interesting to note
that the most favorable CA values for protein adsorption and cell adhesion have been reported to be in
the range of 40–70◦ [44], which suggests that the derivatives with low functionalization degree could
be suitable for biomedical applications. On the other hand, the HDI-GO 5 and HDI-GO 6 samples have
a CA ≥90◦, hence are hydrophobic in nature. Overall, it is found that the functionalization reaction
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with HDI leads to an increased surface hydrophobicity and reduces the hydration of the remaining
hydroxyl groups.

 
Figure 2. Water contact angle measurements of GO (a); HDI-GO 2 (b); HDI-GO 1 (c); and HDI-GO 6 (d).

3.4. Solubility Tests

As detailed in the introduction, the stability of HDI-GO in a range of solvents is a critical
point for the preparation of dispersions to be applied in various fields. In this context, the
solubility/dispersibility of the functionalized samples was investigated in water and organic solvents
of different nature, and directly compared with that of pristine GO. The following organic solvents
were tested: Acetone, methanol, ethanol, 2-propanol, THF, DMF, NMP, DMSO, chloroform, toluene,
n-hexane and n-pentane. For solubility tests, a small quantity of GO or HDI-GO (~0.5 mg) was added
to a given volume of solvent (~1 mL) in a test tube and gently stirred with a glass stirring rod for a few
min. To check the dispersibility, the samples were sonicated in an ultrasound bath for 10 min. The
results obtained from the solubility tests are summarized in Table 3, and representative photographs of
the GO and HDI-GO 6 dispersions in water, DMF, NMP, toluene and n-hexane are shown in Figure 3.

Pristine GO is completely soluble in water, propanol, THF and NMP (Table 3, entry 1), in
agreement with the results reported previously [45]. However, despite its high oxygen content (~52%,
Table 1), it is only partially soluble in polar protic solvents, such as methanol or ethanol (Table 3, entry
8). This indicates that the solvent polarity is not the only issue controlling the solubility. Other factors
such as the solvent dipole moment, its surface tension and the Hansen solubility parameters play a
key role on the solubility behaviour [46]. Thus, the best solvents exhibit high dipole moment values
(i.e., 1.85, 1.66 and 3.75 for water, propanol and NMP [46]) and a surface tension close to the reported
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surface energy of GO (~62 mN/m [47]). It is worth mentioning that GO showed low solubility but
stable dispersibility in non-polar solvents, like toluene or chloroform, while was insoluble in hexane
or pentane.

Table 3. Solubility of GO and the different HDI-GO samples in different solvents.

Entry Sample Water DMF NMP DMSO CH3Cl Toluene THF

1 GO S PS/SS S PS/SS PS/SS PS/SS S/PS
2 HDI-GO 1 I PS PS PS I I SS
3 HDI-GO 2 PS PS/SS S PS SS SS PS
4 HDI-GO 3 SS PS PS PS I I SS
5 HDI-GO 4 PS PS/SS S PS/SS SS SS PS
6 HDI-GO 5 I PS PS PS I I I
7 HDI-GO 6 I PS PS PS I I I

Entry Sample Acetone Pentane Hexane Methanol Ethanol Propanol FD

8 GO I I I SS PS S/PS 0
9 HDI-GO 1 PS I I I I SS 12.28

10 HDI-GO 2 I I I PS PS PS 5.08
11 HDI-GO 3 SS I I SS SS PS 9.10
12 HDI-GO 4 I I I PS PS S/PS 3.12
13 HDI-GO 5 PS I I I I I 17.20
14 HDI-GO 6 PS I I I I I 18.13

S: Soluble; PS: Partially soluble; SS: Slightly soluble; I: Insoluble.

 
Figure 3. Photographs of the dispersions of GO (top) and HDI-GO 6 (bottom) in different solvents:
(a) Water; (b) DMF; (c) NMP; (d) toluene; (e) n-hexane.

In contrast to neat GO, the HDI-GO samples were hardly soluble in water and polar protic
solvents, and the solubility decreased with increasing FD. However, upon a short ultrasonication
treatment, they swelled and formed colloidal dispersions in polar aprotic solvents such as DMF, NMP
and DMSO, and the dispersibility improved with increasing FD. The HDI-GO samples with higher
FD showed better dispersibility in DMF and DMSO than the parent GO, and were stable for a few
weeks. Owed to their higher hydrophobic character, they could also be more easily suspended in
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low polar solvents like THF or non-polar ones such as chloroform and toluene (Figure 3d). The
reduction of hydrogen bonds triggered by the functionalization with HDI renders the GO surfaces
more hydrophobic, and the strength of hydrogen bonding between the HDI-GO layers is weakened,
thus allowing for improved dispersion in organic solvents. Overall, DMF and DMSO were chosen as
optimum solvents to prepare HDI-GO dispersions for further reaction with conductive polymers.

3.5. TEM Analysis

The surface morphology of neat GO and the different functionalized samples was examined by
TEM, and typical images at different magnifications of GO, HDI-GO 2, HDI-GO 5 and HDI-GO 6 are
compared in Figure 4.

Figure 4. Typical transmission electron microscopy (TEM) images at different magnifications of GO (a);
HDI-GO 2 (b); HDI-GO 5 (c); and HDI-GO 6 (d).

The thickness of a single monolayer graphene nanosheet has been reported to be about 0.34 nm [2],
and a GO sheet is expected to be much thicker due to the presence of oxygen-containing functional
groups attached on both sides of the flakes. Pristine GO displays a transparent and pleated sheet
structure (Figure 4a), with wrinkled and highly flexible flakes of a thickness ≤10 nm. The sample
appears essentially homogeneous and uniform, comprising a few oxidized graphene layers.

Conversely, the HDI-GO samples seem more heterogeneous, and present a relatively fuzzy
morphology due to the grafting of the HDI chains onto the nanomaterial surface. Apparently, the
darker areas in the images correspond to the alkyl chains of the organic diisocyanate, since the number
of dark areas increases with increasing FD. This is consistent with the results reported previously by
other authors who grafted alkyl segments onto G via reaction with surfactant molecules [48,49] or
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polymeric chains as described elsewhere [50]. According to those studies, the grafted alkyl chains are
extended in solution due to their solubility in the solvent; nonetheless, upon drying the alkyl segments
collapse onto the surface of the GO sheets, forming nanosized domains that likely correspond to the
observed dark spots.

In the samples with higher FD, a morphology of fluffy and smooth surfaces in a stack state can be
observed (Figure 4c), ascribed to the alkyl chains irregularly arranged on the GO surface, particularly
at the wrinkles and edges that are more reactive owed to the lattice defects. The surface foldings
cannot be observed in these functionalized samples, likely due to the wrapping effect of the organic
moieties attached to the GO which, thus, enshroud these wrinkles. Besides, the surface of the HDI-GO
samples is coarser than that of GO, with some visible defects, albeit retaining the structural integrity of
the graphene framework, and the flake thickness increases with increasing FD.

It should be noted that GO is non-homogeneously covered by the HDI chains in the derivatives
with low FD (Figure 4b), whereas the HDI-GO 6 shows a much more uniform coating (Figure 4d),
in agreement with its higher extent of functionalization. The GO surface appears fully covered by
a spotted dark pattern, suggesting that a complete coverage has been attained; hence it would be
difficult to obtain a higher FD.

3.6. Raman Spectra

Raman spectroscopy was carried out to verify the structural changes in GO upon reaction with
HDI, and the spectra of the different samples are compared in Figure 5. The most important features
in the Raman spectrum of graphene materials are the disorder induced D band at 1345 cm−1 that
indicates the level of structural disorder and the tangential G band at ~1595 cm−1 arising from in-plane
displacements in the graphene sheets.

Figure 5. Raman spectra of GO and the different HDI-GO samples.

The D to G band intensity ratio (ID/IG) is widely used to obtain quantitative information about
the amount of defects in graphene materials: The higher the ratio, the higher the disorder [51]. The
calculated ID/IG data for raw GO and the HDI-GO samples are summarized in Table 4, along with
the position of the G band. A steady increase in this ratio is observed with increasing FD, from
about 1 for GO (Table 4, entry 1) to 1.75 for the derivative with the highest FD (Table 4, entry 7),
which demonstrates a decrease in the structural order, that is, in the size of the in-plane sp2 domains,
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owed to the covalent grafting of the HDI chains onto the GO surface. An analogous trend of ID/IG

increase has been reported upon covalent functionalization of GO with other organic molecules such
as 4-aminobenzenesulfonic acid [52] or polymers like poly(N-isopropylacrylamide) (PNIPAM) [53],
hinting that the functionalization process results in graphitic domains that are smaller than those
of GO.

Table 4. ID/IG ratio and position of the G band obtained from the Raman spectra as well as
thermogravimetric analysis (TGA) data of the different samples.

Entry Sample Ti (◦C) T10 (◦C) Tmax I/II (◦C) FD (%) ID/IG G (cm−1)

1 GO 124.1 180.6 235.0 - 1.01 1595
2 HDI-GO 1 165.4 230.7 250.5/396.2 21.9 1.57 1611
3 HDI-GO 2 141.3 199.5 248.6/374.6 7.6 1.22 1603
4 HDI-GO 3 148.6 213.6 245.6/390.6 16.1 1.40 1609
5 HDI-GO 4 130.2 189.2 241.9/385.5 4.5 1.15 1600
6 HDI-GO 5 174.5 242.8 250.9/404.2 29.2 1.66 1613
7 HDI-GO 6 186.3 288.3 249.7/406.6 30.8 1.75 1617

Ti: Initial degradation temperature at 2% weight loss; T10: Temperature of 10% of weight loss; Tmax: Temperature
of maximum rate of weight loss. The subscripts I and II refer to the first and second degradation stages. FD:
Functionalization degree obtained from TGA thermograms.

It can also be observed from the comparison of the Raman spectra that upon increasing FD the
G-band of GO is broadened and upshifted to higher wavenumbers, by up to 22 cm−1 for HDI-GO 6
(Table 4, entry 7) compared to pristine GO (Table 4, entry 1). The change in the position of the G band
is typically associated with a modification of the electronic structure of the carbon nanomaterial [54],
being shifted to higher frequencies in the presence of electron-acceptor groups. Albeit the electron
distribution of the isocyanate group makes it either an electron donor or electron acceptor, in the
reaction performed herein it seems to act as an electron-acceptor (Scheme 2), thus causing a blue
shift of the G band of GO. The blue shift could also be indicative of the damage of the hexagonal
network of carbon atoms, thus a marker of the defect density, since the position of this G band has
been reported to shift almost linearly with increasing the concentration of defects in the graphene
layer [55]. Besides, upshifts in the G band of graphene-based materials have been reported in the
presence of polymers [22] and surfactants [51], ascribed to intense polymer (or surfactant)-graphene
interactions. In addition, the G mode peak position depends on the number of GO layers: It shifts
to higher frequency as the number of GO layers decreases [55]. Therefore, the steady upshift found
here upon increasing FD suggests a reduction in the degree of exfoliation of the GO flakes due to the
constraints imposed by the crosslinks between the nanosheets, and consequently, could be indicative of
a transition from few-layered to multi-layered GO. This is in agreement with TEM analysis (Figure 4),
which revealed a raise in layer thickness with increasing FD.

3.7. Thermal Stability

Figure 6 compares the TGA thermograms under a nitrogen atmosphere of neat GO and the
different HDI-GO samples. The pristine nanomaterial shows a one-step degradation process that starts
(Ti) at 124 ◦C and exhibits the maximum rate of weight loss (Tmax) at ~235 ◦C (Table 4, entry 1), with
about 37% weight loss below 250 ◦C. This major weight loss is ascribed to the decomposition of its
surface oxygen-functional groups, namely epoxide, hydroxyl and carboxylic acid, as revealed by the
IR spectrum. Besides, a small gradual mass loss is found above 250 ◦C, attributed to the removal of
additional functional groups [3]. In contrast, the HDI-GO samples display two major stages. The first
stage is analogous to that found for neat GO, and should be due to the pyrolysis of the residual oxygen
functional groups. The weight loss of this step, that is, the amount of surface oxygen moieties in the
functionalized GO, gradually decreases with increasing FD, which can be explained considering that
the higher the FD of the HDI-GO samples, the greater the number of oxygenated functional groups
of GO that have reacted with the isocyanate groups of HDI, hence the lower the number of residual
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oxygenated groups on the GO surface that decompose during this stage. Therefore, this decreasing
trend in weight loss with increasing FD corroborates the larger extent of the functionalization reaction,
in agreement with the results from FT-IR analysis (Figure 1).

Figure 6. TGA curves under a nitrogen atmosphere of GO and the synthesized HDI-GO.

The second stage corresponds to the thermal decomposition of covalently grafted HDI on the
surface of GO, as previously reported for other alkyl-modified GO derivatives [50], and its mass loss
rises with increasing the degree of grafting. From this stage the extent of covalent functionalization
or FD of each HDI-GO sample was determined, and the results are collected in Table 4. The values
obtained follow exactly the same trend to those derived from elemental analysis, albeit the data
from TGA thermograms are systematically higher (i.e., about 1.5 fold larger), which can be explained
considering the different meaning of the FD provided by each technique.

Besides, the characteristic degradation temperatures, namely Ti, Tmax and the temperature of
10% weight loss (T10), grow steadily as the extent of functionalization increases (Table 4), which
could be due to the higher degree of crosslinking between the nanosheets, as previously reported for
chitosan/GO crosslinked composites [56]. Increasing the amount of crosslinking causes less of the
sample to decompose in the first step. Thus, Ti increased by about 80 ◦C from neat GO (Table 4, entry
1) to the HDI-GO 6 sample (Table 4, entry 7); since HDI has two isocyanate groups, it can act as a
crosslinking agent between the GO sheets, which is reflected in higher decomposition temperature.
The TGA results confirm that the covalent attachment of HDI greatly improves the thermal stability
of GO, which could be interesting for a variety of applications including long-term electronics or
electrothermal devices.

4. Conclusions

HDI-GO derivatives with different functionalization degrees have been synthesized following a
two-step approach: Firstly, GO was prepared using a modified Hummers´ method from graphite, and
secondly GO was treated with HDI in the presence of a TEA catalyst to yield the modified nanomaterial.
The FT-IR and Raman spectra corroborated the success of the reaction and that the functionalization
route via carbamate ester formation predominated. The increase in the amount of HDI reactant and
TEA catalyst, as well as the increase in the reaction time or temperature resulted in a drop in the extent
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of functionalization, whilst the combination of probe and bath sonication with higher solvent volumes
led to the highest functionalization degrees. The HDI-GO displayed a more hydrophobic character
than raw GO and could be dispersed in polar aprotic solvents such as DMF, NMP and DMSO as well
as in some low polar/non-polar solvents like THF, chloroform and toluene. Further, the dispersibility
in these solvents improved as the functionalization degree increased. The surface morphology of the
samples was analyzed by TEM, and the images showed a raise in layer thickness with increasing
extent of functionalization. TGA study revealed that the covalent grafting of HDI enhances the thermal
stability of GO, ascribed to the crosslinking between neighbouring sheets. This thermal stability
improvement is highly attractive for applications such as long-term electronics and electrothermal
devices. Future work will focus on the reaction of HDI-GO with other organic molecules or polymers
via the remaining oxygen groups, in order to develop high-performance GO-based nanocomposites.
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