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A B S T R A C T

Nanotechnology has been widely developed to improve the solubility of active pharmaceutical ingredients. Co-
crystal discovery has also taken much attention in drug design and development. A combination of the two
techniques generates “nano-co-crystallization”, a new approach to obtaining the superior character of drugs.
Previously, a new diclofenac-proline co-crystal (DPC) arrangement has been reported. The present research
attempted to develop a nano-diclofenac-proline-co-crystal (NDPC) and to evaluate its formation kinetics, and
dissolution-diffusion improvements. Both top-down and bottom-up methods optimized nano-co-crystal produc-
tion. The top-down technique was used through the wet milling procedure and neat grinding procedures, while
the bottom-up technique was performed through the globule inversion phase and fast evaporation assisted
microwaving. The NDPCs obtained were then characterized by dynamic light scattering, binocular microscope,
scanning electron microscopy, transmission electron microscopy, differential scanning calorimetry, powder x-ray
diffractometry, and Fourier transform infrared spectrophotometry. The kinetics of NDPC formation was deter-
mined based on the difference of microwaving versus the co-crystal yield, which was analyzed using Fourier
transform infrared spectroscopy. Dissolution was tested by type 2 apparatus, and diffusion was tested using Franz
diffusion cells. The bottom-up method by fast evaporation assisted microwaving provided the best nano-co-crystal
with a mean diameter of 598.2 � 63.2 nm and a polydispersity index of 0.278 � 0.062. Nano-co-crystal formation
kinetic, which was evaluated by FTIR, indicated to follow first order. Finally, NDPC showed the superior disso-
lution and diffusion profile than conventional-DPC. In this study, we demonstrate a promising alternative for
improving the dissolution and diffusion of the drug by nano-co-crystallization.
1. Introduction

Diclofenac is one of the most successful non-steroidal anti-inflam-
matory drug (NSAID) drugs marketed and has good pharmacological
effects [1]. It is prescribed as an anti-inflammatory and local pain and
also used to treat arthritis and soft injuries [2]. Diclofenac is a class II of
the Biopharmaceutics Classification System (BCS) drug that has high
permeability but low solubility; hence, it is not available in acid form but
mainly available in its salt forms such as diclofenac sodium or diclofenac
potassium [3]. Many existing drugs have good pharmacological activity,
but their work is limited by solubility and dissolution problems,
including one is diclofenac [4]. Good solubility is something that drugs
need to have because the drug requires certain solubility to get better
bioavailability in the body.

Several modifications have been reported to improve the solubility of
diclofenac. One was the formation of diclofenac acid - proline, which
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succeeded in increasing diclofenac acid solubility up to 7.6 folds [5].
Co-crystal is defined as a mixture of two compounds with a stoichio-
metric equimolar ratio that interacts via hydrogen bonding or other weak
forces [6, 7].

Various research developments have been carried out to overcome
various solubility problems, and nanocrystalline formation is one of the
desired methods. When a co-crystal is made on the nanoscale (nano-co-
crystal), the solubility and dissolution rate can increase even further. This
increase is not only due to the structure of the co-crystal but also because
of its small size [8]. Modification by nano-co-crystal formation has been
developed and used to optimize solubility as a solution to drug formu-
lation, increase dissolution, and improve the absorption of drugs [9, 10,
11].

Nanonization means reducing the size of microparticles to the nano
size, i.e., less than 1000 nm [2]. Smaller particle size will increase the
surface area to increase solubility, dissolution rate, and bioavailability
er 2020
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[10, 11, 12, 13, 14, 15, 16]. In addition, the advantages of the
nano-particle size are high adhesion, applicability through all route
administration, increased stability, and reduced dose requirements [9].
However, there is a limitation on the method for class II BCS drugs due to
their polarity. Besides, the stability of co-crystals depends on the mo-
lecular structure of the starting compounds, so that not all nanonization
produces nano-co-crystals with good quality and needs appropriate
optimization methods [15, 17].

There are three approaches used in nano-co-crystal production, i.e.,
the bottom-up and top-down methods and a combination of the two [18,
19, 20, 21, 22]. The top-down process reduces the size of crystal particles
to nano-size using shear forces or mechanical energy [23, 24, 25]. The
bottom-up method is based on the formation crystal by dissolving the
substance in a solvent and then allowing precipitation through evapo-
ration or adding an anti-solvent [26, 27]. Lately, it has been found that
microwaving can also be used as a nano-powder synthesis tool, especially
for nanomaterials [28]. Microwaving has also been reportedly used as a
method for co-crystal formation [29].

Several characterization techniques were needed to confirm the
properties of nano-co-crystal. Particle size characterization was carried
out by non-imaging technique dynamic light scattering (DLS) using
particle size analyzer (PSA) instrument; the particle shape and
morphology was carried out by imaging technique binocular microscope,
scanning electron microscopy (SEM), and transmission electron micro-
scopy (TEM) which can also confirm the particle size. Surface properties
measured by zeta potential. The solid properties of nano-co-crystals were
characterized by Fourier transform infrared (FTIR), powder x-ray
diffraction (PXRD), and thermal analysis differential scanning calorim-
etry (DSC). The evaluation of physicochemical properties was tested by
dissolution and diffusion studies to determine the advantages.

This study aimed to determine whether DPC can be produced on the
nanoscale while maintaining the stability of the intermolecular bonds.
The resulting NDPC was characterized and the dissolution and diffusion
profiles of NDPCwere tested and compared to those of regular-sized DPC.
To the best of our knowledge, there have been no studies that have
focused on the production of nano-co-crystal diclofenac-acid L-proline.

2. Materials and methods

2.1. Materials

Diclofenac sodium >99% (Merck, Tokyo, Japan), L-proline (Merck,
Tokyo, Japan), hydrochloric acid/HCl (Merck, Berlin, Germany), potas-
sium bromide Fourier-transform infrared spectroscopy (FTIR) grade
(Merck, Tokyo, Japan), acetone, methanol, toluene, sodium chloride,
PVP, ethanol, ethyl acetate, potassium hydrogen phosphate/KH2PO4,
sodium hydroxide/NaOH, coconut oil, oleic acid, white vaseline,
cholesterol, stearic acid, squalene, liquid paraffin, palmitic acid, olive oil,
and potassium nitrate. All materials and solvents were purchased from
Sigma-Aldrich, Merck, Indonesia.

2.2. Preparation of co-crystal and nano-co-crystal

2.2.1. Production of diclofenac acid-proline co-crystal (DPC)
Diclofenac acid-proline with stoichiometric molar ration (1:1) was

mixed and ground for about 30 min while five drops ethanol were added
to the mixture while grinding.

2.2.2. Optimization of diclofenac acid-proline nano-co-crystal production
The production of NDPC was developed by the top-down and bottom-

upmethods. The top-downmethodwas performed by the wet milling and
neat grinding procedures. For wet milling, 500mg of DPC was placed in a
mortar and mixed with PVP 5% (in ethanol) and 5% of tween-80 (in
ethanol) while milling. Another preparation without tween-80 solution
also was made for comparison. The almost clear mixture was put in a
beaker glass and sonicated for 5, 10, 15, 20, and 30 min at 30 �C. Each
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resulting sonication at different times was evaluated by PSA (Beckman
Coulter Delsa™ Nano C Particle Analyzer, Malvern, Southborough, MA).

For the neat grinding procedure, 1 g DPC was ground for about 8 h
while adding several drops of ethanol 96%. At each h nano-co-crystal was
sampled and then dissolved in sodium lauryl sulfate 0.1% w/w. The
sample then was evaluated by PSA.

The bottom-up method was done by anti-solvent, globule inverse
phase system, and fast evaporation procedure. For the anti-solvent pro-
cedure, PVP 5% (in ethanol 90%) was sonicated (WiseCleanWUC-D06H,
Gangwon-do, South Korea) and 250 mg DPC was dissolved in ethanol
96% and injected to PVP solution while sonicating for about 10 min.
Then, it was dropped with 2 mL ethanol 50% while sonicating again for
15 min for the inversion phase process. The resulting mixture was eval-
uated by particle size analyzer.

For the inverse globule inverse phase, in a three-necked separable
flask equipped with magnetic stirrer, thermometer, and dropping funnel,
40 mL cyclohexane was placed and heated on a water bath 50 �C. Then
50 mg DPC was dissolved with 2 mL methanol pro analysis, placed in
dropping funnel, and dropped to the cyclohexane followed by mechan-
ical stirring 1600 rpm for 5 min. The resulting mixture was sonicated for
about 10 min at 30 �C, and then at room temperature; the globule size
was measured by particle size analyzer. The procedure was repeated for
mixing and sonicating times of 10, 15, 20 and 30 min.

For the fast evaporation procedure, diclofenac acid - L-proline (1:1)
was diluted in ethanol, sonicated, filled in a petri dish, and placed in a
freezer to gain the supersaturating condition, before being recrystallized
rapidly with a magnetic stirrer at 350 rpm and heat of 40 �C; this process
was repeated three times. Then it was microwaved (Microwave SHARP,
R-230R(S), Tokyo, Japan) for about 10 min. The resulting nano-co-
crystal was evaluated by PSA.
2.3. Kinetics of nano-co-crystallization during microwaving

After the fast evaporation procedure, the sample was microwaved at a
power of 776W. It was sampled every minute until the sample melted.
The sample was then analyzed quantitatively using FTIR. The AUC (Area
under the Curve) of the derived spectra at the selected wavelength was
measured to determine the kinetics of nano-co-crystal formation.

2.4. Characterization of NDPC by FTIR, PXRD, and DSC

NDPC and DPC were characterized by FTIR using potassium bromide
pellet method. The FTIR instrument used was an infrared spectropho-
tometer (Jasco FT/IR 4200 type A, Tokyo, Japan); the range was set from
4000 cm�1 to 400 cm�1 with a resolution of 16 cm�1.

For PXRD analysis, the sample was ground and placed between Mylar
films prior to analysis by the PXRD instrument. The PXRD instrument
included a Smartlab X-ray diffractometer (Rigaku Corporation, Tokyo,
Japan). The pattern was collected from 2θ¼ 2�–40� at 25 �C at a scan rate
of 0.01� and 3�/min, using a Cu-Kα source at 45 kV and 200 mA.

DSC characterization used a Thermo plus DSC 8230L (Rigaku Cor-
poration, Tokyo, Japan). The sample was heated at a rate of 10�/min
from 25 to 300 �C under a nitrogen purge at 100 mL/min.

2.5. Particle size and surface analysis

The average particle size, polydispersity index, and zeta potential of
the nano-co-crystals were determined by Beckman Coulter Delsa™ Nano
C Particle Analyzer (Malvern, Southborough, MA) at 25 �C with angle
165�. All samples were diluted with sodium lauryl sulfate (SLS) 0.1% w/
w solution before analysis and averaged over a set of three
measurements.

The samples were put on object glass and viewed using a binocular
microscope. The co-crystal morphology was observed using a VSZ-107BN
(Jakarta, Indonesia) microscope with a magnification of 100 times.



Figure 1. Crystalline properties optimization of a) DPC; b) NDPC wet milling procedure; c) NDPC from neat grinding; d) NDPC from globule inversion phase pro-
cedure; e) NDPC from fast evaporation procedure. Blue arrow ticked the distinctive bands of cocrystal on 3270, 3170, 1994, and 1606 cm�1.

Table 1. Optimization procedure NDPC production.

Procedure Diameter size (nm) PI Crystalline properties

Wet milling 515.5 0.215 Physical mixture

Neat grinding 857.9 0.353 Co-crystal

Phase inversion globule 310.0 0.316 Physical mixture

Fast evaporation þ microwaving 598.2 0.278 Co-crystal
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Morphological evaluation was captured by SEM (JEOL JSM-IT300,
Tokyo, Japan) at the accelerating energy of 15.0 kV and magnification
10,000:1. The sample was coated first with carbon coating during
preparation using JEOL EC-32010CC Carbon Coater. Morphological
evaluation was also performed using transmission electron microscopy
TEM HT7700 (Hitachi, Japan) at 80 kV. The sample was dispersed in the
solvent, and one drop of the sample was put into the carbon support film
on copper before putting it into the instrument.
Figure 2. Second derivate FTIR transmittance spectra of NDPC during microwaving t
line obtained from the data (right).
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2.6. Dissolution study

A dissolution test was performed using dissolution tester type-2
Guoming RC-1 (Tianjin, China), carried out for the co-crystal and
nano-co-crystal samples in three media, i.e., gastric condition (pH 1.2)
and intestinal conditions (pH 6.8 and pH 7.4). Then the absorbance was
measured using a diode array spectrophotometer HP/Agilent 8453
(California, USA) at λ ¼ 276 nm.
ime of a) 30 s; b) 1 min; c) 3 min; d) 5 min; e) 8 min; f) 10 min (left); regression



Figure 3. FTIR spectra of a) the physical mixture diclofenac acid and L-proline; b) DPC; c) NDPC before microwaving; d) NDPC after microwaving.
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The pH 1.2 buffer medium was prepared from 0.1 M HCl with CO2-
free distilled water. The pH 6.8 buffer medium was prepared from 50 mL
of 0.2 M KH2PO4 with 22.4 mL 0.2 M NaOH. Meanwhile, the pH 7.4
medium was prepared from 50 mL of 0.2 M KH2PO4 with 41.7 mL 0.2 M
NaOH solution. Both phosphate-buffered media were added by 200 mL
CO2-free distilled water and adjusted until to the targeted pH.

2.7. Diffusion study

A Franz's diffusion cell with the sample compartment area of 1.5 cm
was prepared by School of Pharmacy, Bandung Institute of Technology,
Figure 4. PXRD diffractogram of a) the physical mixture diclofenac acid and L-
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Indonesia. The artificial membrane was made from Whatman paper
grade 1 (pore's diameter ¼ 11 μm). Whatman papers were cut into circle
shapes with a diameter adjusted to the sample plate of diffusion cell
dimension and then were impregnated with Spangler's synthetic sebum.
This artificial sebum was consisted of (w/w): coconut oil 15%, 15% oleic
acid, 15% white vaseline, 5% cholesterol, 5% stearic acid, 5% squalene,
10% liquid paraffin, 10% palmitic acid, and 20% olive oil. All ingredients
were melted, and then the Whatman papers were inserted into the liquid
for 15 min. Next, the Whatman papers were lifted and placed between
the two dry papers so that the Spangler's sebum liquid excess could be
absorbed, and then it was dried for one night (12h). To ensure the
proline; b) DPC; c) NDPC before microwaving; d) NDPC after microwaving.



Figure 5. DSC of a) diclofenac acid; b) L-proline; c) NDPC before microwaving; d) DPC; e) NDPC after microwaving.
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uniformity of membranes, each artificial membrane was weighed before
and after being impregnated. The papers with weight differences of 61 �
3.01 mg were chosen (based on the mean � standard deviation from the
calculation of 50 membrane's weight, P ¼ 0.05).

The diffusion test was carried out also in three media, gastric condi-
tions (pH 1.2), intestinal conditions (pH 6.8 and pH 7.4), as that was used
Figure 6. Image of a) binocular microscope of DPC (100x); b) SEM of NDPC; c) T
produced by fast evaporation assisted by the microwaving method.
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in the dissolution test. The Franz diffusion cell was set with a speed of 30
rpm at 37 �C for 8 h using Pump Pro (Watson-Marlow, Wilmington, MA).
The test substance was sampled at 1, 2, 3, 4, 5, 6, 7, 8 h, and then the
absorbance was measured using a diode array spectrophotometer HP/
Agilent 8453 (California, USA) at λ ¼ 276 nm.
EM of NDPC within globule, d) TEM of NDPC outside the globule. NDPC was



Figure 7. Dissolution profiles of DPC and NDPC in medium of aqueous a) pH
1.2 buffer; b) pH 6.8 phosphate buffer; c) pH 7.4 phosphate buffer. Data are
expressed as mean � standard deviation (n ¼ 3).
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3. Results and discussion

3.1. Optimization of nano-co-crystal production

Diclofenac acid nanocrystals were successfully produced and exhibi-
ted a nano-sized crystal of 279 nm [30]. However, NDPC production has
never been developed before. Diclofenac acid is a non-polar compound
and soluble in non-polar solvents. In contrast, L-proline is a polar amino
acid zwitterion that is soluble in polar solvents such as water [31].

Optimization was done through the top-down and bottom-up
methods. Top-down nano-co-crystal production was carried out
through wet milling and neat grinding procedures. In the wet milling
procedure, PVP K30 was used as a stabilizer. PVP K30 has been suc-
cessfully used in the production of nanocrystals and nanosuspensions as
stabilizers [32, 33]. The wet milling procedure produced a particle size of
515.5 nm with a polydispersity index (PI) of 0.215 after 30 min of
milling.
6

However, as seen from Figure 1b, the wet milling procedure did not
have the same FTIR spectra as DPC (Figure 1a), meaning that the nano-
co-crystal formed as fractions between diclofenac acid and proline crys-
tals. The distinctive bands of co-crystals are ticked by a blue arrow on the
wavelength of 3270-3170 cm�1, 1605 cm�1, and 1994 cm�1 (Figure 3)
[5, 29]. Disintegration happened due to solvation, as well as the milling
process. Diclofenac and L-proline have very different polarity, so it was
not easy to produce stable co-crystal DPC when nano-sized. When the
component of a co-crystal has a widely different solubility in aqueous
solutions, it leads to the disintegration of the co-crystal [34, 35].

The neat grinding procedure produced the smallest particle size after
grinding for 6 h with particle sizes of 857.9 nm and a polydispersity index
of 0.353. After 6 h, the particle size enlarged due to particle aggregation.
Based on Figure 1c, the crystalline properties of this procedure show the
properties’ similarity to DPC (Figure 1a) as the startingmaterial. The neat
grinding procedure produced a pure co-crystal because there was no
dissolution process to separate each co-crystal component. However, this
procedure was considered inadequate to produce the expected nano-size
co-crystal. Nano-co-crystal production has been reported with the neat
grinding procedure conducted by Hong et al. in 2015, but produced
different particle sizes, from nano-to micro-size, due to co-crystal ag-
gregation; this also had a negative impact on size uniformity [36, 37].
Also, the limitation of the top-down method is that the crystallinity de-
creases become unstable [38].

While the bottom-upmethod was carried out through phase inversion
globules and fast evaporation assisted by microwaving, the phase
inversion globule procedure provided a globular size of 310.3 nm and PI
of 0.316. The particle size of NDPC was smaller than the globule because
the particles were inside the globule. However, based on Figure 1d, this
procedure also yielded nanocrystalline properties that were different
from those of DPC (Figure 1a). This fraction also happened because of
solvation and the rapid mixing process. The bottom-up procedure was
done to reduce the agglomeration that occurred in the top-downmethod,
but it was challenging to select the best solvents to maintain co-crystal
stability considering the difference in solubility between the compo-
nents is very different [36, 39].

The fast evaporation procedure produced nanocrystals with a size of
598.2 nm and a PI of 0.278. This procedure was assisted by microwaving
and delivering a consistent nano-co-crystal with the same profile as DPC
(Figure 1e) with an optimum co-crystal peak and relatively fixed particle
size.

In this process, ethanol was used, and due to the dissolution and rapid
stirring process in this procedure, the resulting nano-co-crystal also un-
derwent separation. Therefore, a new process was carried out by
microwaving the sample at a 776 W power to help bind the intermo-
lecular interaction in the co-crystal; microwave energy gives molecular
rotation, so the interaction between co-crystal components was easier
and faster [29].

This microwaving method has also often been used in the process of
making nanomaterials, but drug development using the microwaving
process still does not exist [28]. It has been reported that chemical re-
actions by microwaving heating technology represent sustainable
“green” chemistry by utilizing safer solvents and reaction conditions,
preventing the waste of products because only a small amount of solvent
is required for this process, and minimizing the time of the reaction [28,
29]. The optimization data resulted in Table 1.

3.2. Kinetics of nano-co-crystallization during microwaving

As seen in Figure 2, the absorbance of the co-crystal peak showed an
increase in the AUC value of derived absorbance of the co-crystal peak
with microwaving time until 12 min. The increase in AUC can be seen in
Figure 2 (left). The kinetic study of NDPC shows that the optimum
microwaving time was about at 8–12 min, indicated by the highest in-
tensity of the AUC at the distinctive co-crystal peak. The selected range of
wavelength number was 1980 cm�1 to 2007 cm�1 and exhibited the best



Table 2. Drug release of NDPC compared to DPC (n ¼ 3).

Sample Percentage of drug release after 60 min (%) in medium

pH 1.2 buffer pH 6.8 buffer pH 7.4 buffer

DPC 3.08 � 0.58 85.09 � 0.16 42.55 � 0.25

NDPC 4.09 � 0.68 97.00 � 0.25 100.57 � 0.10
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logarithmic line equation, y ¼ 0.0016 ln x þ 0.0872, with a correlation
coefficient of 0.9644. Nano-co-crystal formation kinetics followed the
first order kinetics (Figure 2 - right).

3.3. Analysis of NDPC by FTIR, PXRD, and DSC

The nano-co-crystal before microwaving had the same FTIR spectra as
the physical mixture, i.e., it presented diclofenac acid at 3324 cm�1 (O–H
functional group) and L-proline peaks at 1619 cm�1 (C¼O functional
group) rather than the co-crystal peak. NDPC after microwaving showed
the same distinctive peak as the co-crystal at wavenumbers 3270 cm�1,
3170 cm�1, 1994 cm�1, and 1605 cm�1 (Figure 3) [5,29].

These band changes represented the stretching of the new hydrogen
bonds that formed in both co-crystals and nano-co-crystals with fast
evaporation assisted by microwaving.

Figure 4 shows that NDPC after microwaving has the identical PXRD
distinctive peak as DPC at 2θ ¼ 4.40�, 9.73�, 11.58�, 13.23�, 14.47�,
19.52�, 20.5�, and 25.50� [5, 29]. On the other hand, the NDPC dif-
fractogram before microwaving shows diclofenac peaks at 2θ ¼ 10.71�,
13.45�, 18.84�, 24.40�, and L-proline peaks at 15.2�, 17.8�, which in-
dicates disintegration of the co-crystal as they were identical to the
physical mixture diffractogram [5, 29].

The DSC profile is used to confirm the resulting nano-co-crystal
component. The DSC profile for the DPC, NDPC before and after micro-
waving are presented in Figure 5. All had the same melting point at ~155
�C, confirmed in our previous report [5, 29]. The data proved that both
the co-crystal and nano-co-crystal had a similar crystal structure.
Figure 8. Diffusion profiles o

Table 3. Drug diffused of NDPC compared to DPC (n ¼ 3).

Sample Percentage of drug diffuse after 8h (%) in me

pH 1.2 buffer

DPC 3.30 � 0.10

NDPC 5.44 � 0.20
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3.4. Particle size analysis and zeta potential

The fast evaporation assisted by microwaving exhibited a mean NDPC
particle size of 598.2 � 63.2 nm and a poly dispersion index (PDI) of
0.278 � 0.062. The PDI value indicated the good distribution of the
particle size. As for coarse co-crystal powder, the particle size was found
to be 4–14 μm. The zeta potential value for NDPC in the SLS solution was
-66.0 mV, indicating a stable particle that did not undergo agglomera-
tion. However, the result of this negative charge can also be due to the
addition of SLS as a dispersing solution because the SLS gives a negative
charge to the zeta potential [40].

3.5. Surface morphology

Binocular microscope, combined with camera visualization, is used
for imaging the form of the co-crystal of DPC itself. The SEM results in
Figure 6b showNDPCwithin the nano-range. The smallest size width was
400 nm and length 400 nm, while the biggest size width was 400 nm and
length 1000 nm. The TEM test results based on Figures 6c and 6d show
images of the nano-co-crystal in the globule as a carrier and the nano-co-
crystal outside the globule. Figure 6 also shows that the smallest nano-co-
crystal size was around 100 nm inwidth and 350 nm in length. This result
shows DPC to be within the nano-range and proper distribution.

3.6. Dissolution test

The dissolution profiles of the co-crystal and nano-co-crystal of
diclofenac acid-proline are presented in Figure 7. The data represents the
f DPC and NDPC (n ¼ 3).

dium

pH 6.8 buffer pH 7.4 buffer

17.85 � 0.44 57.04 � 1.92

36.67 � 0.71 97.59 � 1.23
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percentage of drug release of the co-crystal and nano-co-crystal in each
medium at 60 min. It can be seen in Figure 7a and Table 2 that the
dissolution test results at pH 1.2 medium showed an increase in the
number of substances dissolved in the nano-size range. The increase was
not too different, i.e., from 3.08 � 0.58% to 4.09 � 0.68%. Diclofenac
acid was difficult to dissolve in acidic solvents because there is no pro-
tonation process [41].

The dissolution test results in the pH 6.8 phosphate buffer medium
(Figure 7b) showed an increase in the amount of dissolution for NDPC,
which was 97.00 � 0.25% compared to DPC of 85.09 � 0.16%. The
dissolution test results in the pH 7.4 phosphate buffer medium (Figure
7c) showed that there was also an increase in the dissolution percentage
from 42.55� 0.25% to 100.57� 0.10% for DPC and NDPC, respectively.
This result indicates a 1.32-fold increase in the NDPC drug release in pH
1.2 buffer, 1.14-fold in pH 6.8 buffer, and 2.46-fold in pH 7.4 buffer. The
dissolution study show the enhancement of the drug release, because
nano-sized particles have a large surface area in contact with the me-
dium, thereby increasing the solubility, can enhance the dissolution rate
and solubility of an insoluble drug [42, 43]. The percentage of drug
dissolution with DPC did not reach the same level as with NDPC because
the nano-co-crystal had higher saturation solubility [43].

3.7. Diffusion test

The result of the diffusion test in pH 1.2, 6.8, and 7.4 buffer media
displayed the increase of percentage drug diffused of NDPC compared to
micro-size DPC. As shown in Figure 8 and Table 3, the result indicated
that NDPC diffused by 1.64-fold in pH 1.2, 2.06-fold in pH 6.8, and 1.71-
fold in pH 7.4. NDPC showed a higher percentage than micro-size DPC.
This enhancement also was caused by the smaller particle sizes obtained
by nano-co-crystal formation.

4. Conclusion

NDPC, with the nano-size and a stable co-crystal structure of diclo-
fenac – proline, was successfully produced using the fast evaporation
assisted by the microwaving method. This new nano-co-crystal showed
the enhancement of the drug released and drug diffused percentages
compared to the DPC coarse powder.
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