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Nonsteroidal anti-inflammatory drugs (NSAIDs) are among most commonly prescribed medications worldwide. NSAIDs play an
important role due to their pronounced analgesic potency, anti-inflammatory effects, and lesser side effects compared to opioids.
However, adverse effects including gastrointestinal and cardiovascular effects seriously complicate their prolonged use. In the
present workwe prepare SiO

2
-based nanoparticles with ketorolac, for controlled release proposes.Thenanomaterials were prepared

by the sol-gel technology at acidic conditions and two different water/alcoxide ratios were used. FTIR spectroscopy was performed
in order to characterize the solids and drug-SiO

2
interactions.Thermal analysis and nitrogen adsorption isotherms showed thermal

stability of the drug and confirmed the presence of particles with high surface area. Transmission electron micrographies of the
samples showed the nanosize particles (20 nm) forming aggregates. Drug release profiles were collected by means of UV-Vis
spectroscopy and kinetic analysis was developed. Release data were fitted and 1 : 8 sample showed a sustained release over ten
hours; 90% of the drug was delivered at the end of the time.

1. Introduction

Nanotechnology drug delivery, diagnosis, and drug develop-
ment represent the change in medicine in 21st century. This
field is an area that will produce significant results, in this way
the drug is controlled during days or even weeks, depending
on the disease to treat [1]. Nanoparticulate drug delivery
vehicles can be organic or inorganic solids but biocompatible
and nontoxic. These novel systems allow drug absorption in
a controlled way and with less adverse side effects [2].

Nonsteroidal anti-inflammatory drugs (NSAIDs) are
among most commonly prescribed medications worldwide
[3]. Approximately 20% of people older than 65 years have
been prescribed NSAIDs [4]. In acute pain as headache,

stomach ache, or flu, NSAIDs play an important role due
to their pronounced analgesic potency, anti-inflammatory
effects, and lesser side effects compared to opioids [5, 6].
However, adverse effects including gastrointestinal (GI) and
cardiovascular (CV) seriously complicate their prolonged use
[7].

Ketorolac tromethamine (KT), Figure 1, is a pyrrolizine
carboxylic acid derivative of NSAIDs with potent analgesic
and moderate anti-inflammatory activity, a relatively favor-
able therapeutic agent for the management of moderate to
severe pain [8, 9]. The beneficial effects of KT are probably
due to its ability to block prostaglandin synthesis by prevent-
ing the conversion of arachidonic acid to the endoperoxides
[10].
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Scheme 1: Hydrolysis of TEOS.

For instance, weight by weight KT proved to be 50
times more potent than naproxen in analgesia models but
only 3 times more potent in inflammation models [11].
This remarkable dissociation between analgesic and anti-
inflammatory effects provided the basis for the development
of the drug as excellent anti-inflammatory and analgesic.
In clinical settings however ketorolac has been involved as
a contributing cause of increased postoperative bleeding,
renal failure, and gastritis; the severity of these side effects is
probably dose related [12].

For these reasons, many attempts to develop novel for-
mulation strategies to deliver KT had been made. Sinha
and Trehan [13] prepared drug-loaded polycaprolactone and
poly lactic-co-glycolic acid microspheres, Rokhade et al. [14]
developed semi-interpenetrating polymer network micro-
spheres of gelatin and sodium carboxymethyl cellulose, and
recently, Genc and Jalvand [15] produced controlled release
hydrophilic matrix tablets.

The use of mesoporous silica nanoparticles offers a
suitable method to deliver drugs toward specific tissues or
cells depending on drug properties [16]. Sol-gel inorganic
nanoparticles exhibit significantly higher surface area and
porosity [17] which means more available surface to place
molecules of interest. One of the main advantages of sol-gel
process is that materials exhibit special features like highly
hydroxylated surface which has demonstrated to be one facile
method to achieve functionalized surfaces. Additionally, sol-
gel process provides the opportunity to release a great variety
of biomolecules, medicines, or compounds from the oxide
structure, while functionalization or surface modification is
relatively easy.

Sol-gel chemistry uses neutral, acidic, or basic conditions
to achieve hydrolysis and condensation of numerous silane
monomers ≡Si–O and O–Si–OH (Scheme 1) [17–20].

At present, a great deal of emphasis is being placed on the
development of controlled or sustained release forms for the
drug as this would help in achieving the required therapeutic
efficacy and better tolerance. The main goal of this study was
to develop ketorolac silica reservoir (ketorolac-SiO

2
) delivery

system using sol-gel method.

2. Experimental

2.1. Materials. Tetraethoxysilane (TEOS) 98%, was
purchased from Sigma-Aldrich. Ketorolac tromethamine
(C
15
H
13
NO
3
, MW 255.27 g/mol) by Lyomont laboratories

was also purchased, all organic solvents were purchased from
Sigma-Aldrich.

2.2. Preparation of Reservoir. Silica reservoir was made by
sol-gel process at room temperature using two water alkox-
ide molar ratios 1 : 8 and 1 : 4; the same ethanol : alkoxide

ratios were used. Preparation was as follows: appropriated
amounts of water and ethanol were placed and mixed in a
three neck round-bottom flask. Then 18.5mL of TEOS was
dropwise simultaneously but in a different neck with the drug
(6mg/gSiO

2
). The mixture was left under stirring for 14–21

days.Other SiO
2
nanoparticles were prepared under the same

conditions but without analgesic. Then, dried material was
crushed in an agata mortar.

2.3. Characterization. Infrared absorption spectra, of the
nanomaterials were obtained on IRAffinity-1 FTIR system. A
tablet with the different samples (5%wt) was pressed together
with 95% wt of KBr (2000 ton/in2).

Thermograms were carried out using a Simultaneous
Thermal Analyzer STA i-1000. Samples were placed in a
platinum pan and heated at a rate of 10∘C/min, in N

2

atmosphere from room temperature to 800∘C.

2.4. Morphology Study. High-resolution transmission elec-
tron microscopy (TEM) images were obtained using a
TEM microscope, JEOL JEM-2100F, operated at 200 kV and
equipped with an energy dispersive spectroscopic (EDS)
microanalysis system (Oxford). The images were obtained
using a Gatan Orius camera.

2.5. Nitrogen Adsorption Measurements. Nitrogen adsorp-
tion-desorption isotherms were obtained using a Micro-
meritics Belsorp II, Bell Japan Inc The Brunauer-Emmett-
Teller (BET) method was used to calculate specific surface
areas (𝑆BET). Pore volumes and pore size distributions were
obtained using BJH method.

2.6. Controlled Drug Release. A tablet made of each
Ketorolac-SiO

2
nanomaterial (1 : 4 and 1 : 8 ratios) was placed

into a glass with deionized water (50–75mL). Sampling
was performed at different periods of time over a total
of 200 hours. Analysis was performed using ultraviolet
spectroscopy (Cary-1 UV-visible, Varian) by following the
increase in main absorption bands reported for ketorolac.
After measurements, samples were returned to the glass
to maintain constant volume. A calibration curve was
performed and absorbance spectra were collected. In order
to calculate drug concentration Lambert-Beer law was used.
Drug release curves were obtained by plotting cumulative
drug concentration versus time. Determinations were made
by duplicate.

2.7. Applied Methods to Compare Drug Release Profiles.
Ketorolac release kinetics from each nanomaterial was ana-
lyzed by several mathematical models. Depending on these
estimations, suitable mathematical models to describe dis-
solution profiles were determined. The following plots were
made: dissolution % drug release versus time (zero-order
kinetic model); Ln dissolution % drug remaining versus time
(first-order kinetic model); dissolution % drug release versus
square root of time (Higuchi model); cube root of drug %
remaining in matrix versus time (Hixson-Crowell cube root
law); and dissolution % drug release versus time (hyperbola).



Journal of Nanomaterials 3

C

O

COO−H3N+

HOH2C

HOH2C

CH2OH
N C

Figure 1: Structure of Ketorolac tromethamine.
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Figure 2: IR spectra of (a) and (b) 1 : 8 ratio; (c) and (d) 1 : 4 ratio SiO
2
based materials.

3. Results and Discussion

3.1. Characterization. Figure 2 shows the most distinctive
infrared absorption bands of silica for both ratios. In the
3500–3200 cm−1 region, the O–H stretching band due to

residual water and Si–OH vibration was observed, this is
typical in sol-gel materials, and the presence of O–H from
methanol groups of the drug contributes to this band.
Presence of adsorbed water is confirmed by the appearance
of a band around 1641 cm−1 in all the samples. The signals
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centered at 455 and 457 cm−1 are related with the Si–O–
Si bond deformation. The band around 1100 cm−1 is split
into two bands at 1165 and 1097 cm−1 for the 1 : 8 material
and at 1161 and 1095 cm−1 for 1 : 4 ratio; these correspond to
stretching vibrations of Si–O–Si bonds. At 804 and 810 cm−1
we observed of Si–O− flexion vibrations for 1 : 8 and 1 : 4
ratios, respectively. Si–OH stretching bands were observed
at 948 and 968 cm−1, these results are similar to those
reported by Gonzáles et al. [18] and Kalampounias [21],
no absorption bands of Ketorolac can be clearly assigned,
since most of the signals due to the bonds of the drug are
overlapped white silica bands. However some features are
slightly distinguished; a more intense band was observed
at 1450 cm−1 for Ketorolac-SiO

2
1 : 8 and at 1454 cm−1 for

Ketorolac-SiO
2
1 : 4. In this region C=C ring antisymmetric

elongation can be detected, this band is less intense in both
silica references due to in those samples there still remains
residual ethanol from the synthesis, so the band we observed
corresponds to O−H deformation.

TGA curves are shown in Figure 3. Weight loss was
very similar for all samples. For 1 : 8 ratio, the first loss was
about 5% for Ketorolac-SiO

2
and ca. 8% for the reference

around from room temperature to 150∘C. This first gradual
loss is associated with residual ethanol of the synthesis, and
dehydratation from both silica and the drug [22]. A second
loss was recorded around 168∘C (ca. 3%) in Ketorola-SiO

2
,

this can be due to decomposition of tromethamine salt [23],
the final gradual loss from 200 to 500∘C is attributable to the
lost of structural OH groups from silica.

When we compared TGA in both water ratios, the
main difference is that silica references initially loss more
weight than those nanomaterials with ketorolac; this can be
explained due to the time of aging in both samples, since
drug-loaded silica required higher time than silica alone.
Regarding to the water ratios, the difference due to the
amount of water is barely noticeable.

3.2. TEM and EDS of Reservoirs. The surface morphology of
the Ketorolac-SiO

2
reservoirs was studied by transmission

electron microscopy. The samples were placed on a cooper
grid with a holey carbon support film. Several areas of the
sample were photographed using the bright field technique
(Figure 4), where the crystalline parts in Bragg orientation
appear dark and the amorphous or not Bragg oriented parts
appear bright [24], with a 200 kV electron beam.

The micrographs showed aggregates formations of SiO
2

in the drug-silica nanomaterial, with particle size of 20–
100 nm approximately; due to electrostatic forces between
these particles, agglomeration occurs, giving rise to nanopar-
ticles collection, similar to previously reported by Uddin et
al. [25]. The images suggest no Ketorolac presence in the
crystalline Silica formations surface, in comparison with the
reference sample.

The EDS was obtained from different large groups of
particles; several hundred nanometers wide showing and
confirming the nanomaterial are silica pure not only in the
surface, but also in the whole structure.The dispersive energy
bands shown are purely from silicon and oxygen without any

Table 1: N2 adsorption parameters.

Sample 𝑆BET (m2/g) 𝑉
𝑃
(cm3/g) 𝑅

𝑝
(nm)

SiO2 1 : 4 485 0.40 1.64
Ketorolac-SiO2 1 : 4 26 0.20 6.95
SiO2 1 : 8 532 0.26 1.64
Ketorolac-SiO2 1 : 8 95 0.60 1.64

peak overlapping (Figure 6) with some peaks, in the case of
the reference, due to the dispersive energy of the Cu grid
(around 1, 8, and 9 keV) where the sample is sustained, and
for that must be ignored.

3.3. Surface Analysis Using Nitrogen Adsorption-Desorption.
N
2
adsorption-desorption isotherms of the reservoirs mea-

sured at 77K are shown in Figure 7; it can be clearly noticed
that introducing Ketorolac modifies obtained isotherm. In
both cases (1 : 8 and 1 : 4) ketorolac-SiO

2
materials showed

lower adsorption, because drug molecules fill the pores,
blocking available space to nitrogen molecules to measure
real surface area; this is confirmed by 𝑆BET values (Table 1).
Isotherm of the sample ketorolac-SiO

2
1 : 8 showed a type

III according to IUPAC classification. In this case, ketoro-
lac molecules showed weak interaction with nitrogen; thus
adsorption of high amount of N

2
is not achieved and no

significant hysteresis was observed.The 1 : 4 ketorolac sample
showed similar behavior although with a slight hysteresis,
however as in reference sample, adsorbed volume is lower
than 1 : 8 material, which means that when a larger ratio of
water is used, higher porosity is obtained. In the references
samples, isotherms are type IV. Microporosity of the samples
can be confirmed by TEM images (Figures 4(g) and 5(d)).

Pore size distributions showed a wide distribution for
references; nevertheless we must consider the influence of
adsorbed drug in pore occlusion, while in references we
clearly observe a sharp peak around 2 nm. These results are
comparable with those reported by Guo et al. [26].

The BET surface area values observed in both references
were between 620–800 and both ketorolac-SiO

2
samples

exhibited less area values, confirming the presence of drug
inside and over the surface of the material. Pore size distribu-
tion (PSD) was estimated from desorption branch using BJH
method (Figure 8). In pure silica, when we used 1 : 8 ratio,
a narrow distribution centered around 1.6 nm is observed,
while in 1 : 4 ratio material, bimodal behavior with a second
peak at 2.7 nm occurs. Incorporation of drug causes pore
occlusion limiting adsorptive access and reducingN

2
adsorp-

tion. In ketorolac SiO
2
1 : 8, a wide but small distribution

from 14 to 22 nm (inset) can be observed, in the other sample
(1 : 4) a minimal volume was adsorbed. These results are
in agreement with observations made from corresponding
isotherms.

3.4. In Vitro Drug Release. Several mathematical models are
used to evaluate the kinetics of drug release from pharma-
cological formulations. The model that best fits the obtained
data is selected based on the correlation coefficient (r) value.
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Figure 3: TGA curves of (a) 1 : 8 and (b) 1 : 4 samples.
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Figure 4: TEM images of ketorolac-SiO
2
1 : 8 in the first four images and of reference-SiO

2
1 : 8 in the next four images.

Several attempts have beenmade in order to avoid adverse
side effects from oral administration of ketorolac, as the work
of Genc and Jalvand [15] where they used hydrophilic matrix
and achieved a slow release during 7 hours, another example
is the use of microcapsules most of them made of Eudragit
[27], and release the drug for no longer than 10 hours. Release
profile of both Ketorolac-SiO

2
samples is different from each

other (Figure 9). The cumulative % drug release from 1 : 4
was two times faster than 1 : 8 sample (Figure 10). This is
probably due to more drugmolecules being surface adsorbed

in ketorolac SiO
2
1 : 4, and these are weakly bonded to the

silica surface, releasing them more easily, and hence release
time is shorter. For ketorolac SiO

2
1 : 8 we observed that 90%

of the drug was released after 200 hr. (Figure 9(a)).
In order to fit data to mathematical models, we applied

five dissolution-diffusion kinetic models (zero-order, first-
order, Higuchi, Hixon-Crowell and hyperbola) and calcu-
lated the corresponding kinetic parameters and linear corre-
lation coefficients (𝑅

2
), these values are showed in Tables 2

and 3.
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Figure 6: EDS spectra of Ketorolac SiO
2
1 : 8 (a) and Reference SiO

2
1 : 8 (b).

In general, the zero-order-first-order, Higuchi, and
Hixon-Crowel models are not suitable to explain the con-
trolled drug release data obtained in this study. The plots
do not fit linear relationships and also have low correlation
coefficients (𝑅

2
< 0.8). The hyperbola model fits the release

data much better, with linear correlation coefficients of 𝑅
2
>

0.9 for both reservoirs; the rate of drug release shows a
hyperbole not dependent on the concentration.

The difference in drug release is not only attributed to
the presence of nanosized pores. The presence of a small
amount of mesopores in the 1 : 4 material (in pure SiO

2
)

implies that drug molecules can be occluded more easily in
wider pores and release occurs faster than in micropores
contributing to higher release rate. Also, during synthesis,
considerable amount of adsorbed drug on particle surface
might contribute to drug release in the initial phase.
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Table 2: Linearization coefficients obtained from in vitro release of Ketorolac from SiO2.

Reservoir Zero-order First-order Higuchi Hixon-crowel Hyperbola
𝑄
𝑡
= 𝑄
0
+ 𝐾
0
𝑡 𝑄

𝑡
= ln𝑄

0
− 𝐾
1
𝑡 𝑄

𝑡
= 𝑘
𝐻
𝑡
1/2

𝑊
1/3

0
−𝑊
1/3

𝑡
= 𝐾
𝑠
𝑡 𝑎 ∗ 𝑥/(𝑏 + 𝑥)

Ketorolac SiO2 1 : 8 0.4183 0.6809 0.5980 0.5712 0.9651
Ketorolac SiO2 1 : 4 0.7496 0.9664 0.8644 0.8919 0.9516
𝑄𝑡: amount of drug released in time t.
𝑄0: initial amount of drug in the tablet.
𝐾0,𝐾1, 𝑘𝐻,𝐾𝑠: release rate constants.
b: shape parameter.
a: scale parameter.
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Figure 9: In vitro release profile of ketorolac from SiO
2
1 : 8 reservoir

(a) first 8 hours and (b) full time.

4. Conclusion

The development of new pharmaceutical formulations to
enhance the therapeutic effect of conventional drugs is a
rising area. Most micro- and nanomaterial used for this
purposes are organic polymers; however since most of them
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Table 3: Drug release rates calculated for the differentmathematical
models.

Mathematical model Ketorolac SiO2 1 : 4 Ketorolac SiO2 1 : 8
Zero-order [%/h] 30.51 0.09563
First-order [h] 3.057 0.00677
Higuchi [%] 72.97 1.69
Hixon-Crowell [h−1] 0.5364 0.0081
Hyperbola [%/h] 176.62 88.01

are commercially available, less control over their physical
and chemical properties can be achieved. In order to bypass
their limitations, alternative nanostructured materials like
silica can be used. We synthesized silica nanoparticles with
ketorolac for drug release.The best molar ratio was 1 : 8, since
80%of the drug is released at the 10 hourswith a slower rate in
the following hours reaching the 90% at the end of the time.
Although 1 : 4 material released much faster, the behavior of
1 : 8material wasmore homogeneous. Both systems represent
an alternative to deliver ketorolac in a more controlled way.
Sol-gel process is a potential method to obtain designed
materials with suitable characteristics to host a great variety
of molecules.
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