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ABSTRACT: This research aimed to improve the solubility and stabilize cefpodoxime proxetil (CP), a class IV drug, by
amorphous solid dispersion (ASD) technique. Four formulations were prepared by dispersing amorphous CP in
soluplus, polyvinylpyrrolidone (PVP K30), and ethyl cellulose (EC) blends in different compositions and ratios. The
optimum formulation was stored in accelerated conditions at 40 °C and 75% relative humidity for six months. The drug's
solubility and dissolution rate in different systems were explored. Furthermore, Differential Scanning Calorimetry
(DSC), X-ray Powder Diffractometry (PXRD), Fourier Transform Infrared spectroscopy (FTIR), and Field Emission
Scanning Electron Microscopy (FESEM) were used to examine the physical state of the drug. The antibacterial activity of
the drug was evaluated during the experiment. When mixing CP with soluplus and PVP K30 in a 1:1:1 ratio as ASD, the
drug solubility at pH 1.2 enhanced about 28 folds than a pure drug, and the dissolution rate increment was observed.
The DSC, FTIR, and PXRD data confirmed the drug is amorphous and miscible with these polymers. FESEM revealed
particle size reduction. The antibacterial activity was raised. After storage in the accelerated condition, physical
investigations indicated that no recrystallization occurred, and this condition had little effect on in vitro drug dissolution
and antibacterial activity. This can be a good indicator of the drug's solubility enhancement and physical stability
optimization that will make the possibility of preparing this drug in the future as an oral solid dosage form with the
possibility of manufacturing with a drug company due to the promising results.
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1. INTRODUCTION

Up to 90% of newly approved chemicals and 40% of approved drugs have low aqueous solubility
(i.e., The Biopharmaceutical Classification System class II and IV) [1, 2]. These days, a variety of
pharmaceutical techniques, such as cocrystal, self-emulsifying drug delivery systems, micronization, nano-
crystallization, solvent deposition, complexation, micellar solubilization, pH adjustment, and amorphous
solid dispersion (ASD), are used to improve drug solubility and dissolution rate of these drugs [3-6].

Amorphization of these drugs from crystalline to amorphous form increases the solubility. Since the
drug does not require energy to break its crystal lattice when it is amorphous [7]. However, because of their
excess free energy and enthalpy, these amorphous systems are thermodynamically unstable, which causes
relaxation, nucleation, and crystallization during processing, storage, or inside the GI tract, losing their
beneficial properties. In general, the amorphous drug can be dispersed in a polymer matrix to increase
stability, yielding ASD [8-10].

The choice of polymeric excipient significantly influences both physical stability and dissolution
behavior [11]. When compared to neat amorphous drugs, active pharmaceutical ingredients (API)
formulated in ASD generally exhibit greater physical stability, and yet their dissolution rate is faster than
their crystalline equivalents [12]. Amorphous-amorphous phase separation (AAPS) is when a miscible ASD
splits into two phases within the matrix: polymer-rich and drug-rich phases. Although the drug is still
amorphous, AAPS causes an acceleration in API recrystallization because drug-rich domains do not have the
polymer's stabilizing effect [13-16]. However, recrystallization eliminates the amorphous system solubility
benefit [17]. Furthermore, both solvent-based and fusion-based methods can be used to generate ASD.
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Specific mechanical procedures, such as grinding or ball milling, can also cause some amorphization [18,
19].

First-generation solid dispersions made using crystalline polymers have the disadvantage of
sluggish drug release because of their crystalline form. Higher solubility and dissolution were obtained by
using amorphous polymers; these ASDs were referred to as second-generation solid dispersions. The drug
precipitation and recrystallization during storage are the limits of these ASDs. Third-generation ASDs were
created to get around these restrictions by adding another polymer and/or surfactants to enhance stability
and dissolution to a greater extent [20-22]. Compared to binary composition, a ternary system containing
two suitably distinct polymers can work in concert to promote solubility, maintain a supersaturated state,
reduce molecular mobility, form drug-polymer-polymer interactions, and reduce overall hygroscopicity [23-
25].

The body's drug concentration determines its pharmacological effects. An amorphous solid increases
the drug's aqueous solubility, improving its oral bioavailability and antibacterial activity. The possibility of
amorphous API recrystallization in solid dispersion could decrease the dissolution rate and a consequent
decrease in antibacterial activity due to low exposure levels (bioavailability) [26-28].

Cefpodoxime proxetil (CP) is a third-generation cephalosporin that is effective for treating Gram-
positive and Gram-negative bacterial infections involving skin, urinary tract, respiratory, and gonorrhea
infections. It treats community-acquired pneumonia caused by Haemophilus influenzae or Salmonella
pneumonia [29, 30]. CP is a class IV with a Tg of 98.79 °C. It is a weak base that exhibits a pH-dependent
solubility (pka is around 2.2), making it soluble in acidic solution but weakly soluble in alkaline solution [31-
35]. Even though amorphous CP is an esterified prodrug that increases cefpodoxime's permeability, its oral
bioavailability is still limited [36, 37]. The drug bioavailability is about 50%, and it is primarily attributed to
the pre-absorption intestinal breakdown of CP's ester side chain by cholinesterase digestive enzymes into
cefpodoxime. CP limited bioavailability is also attributed to its poor water solubility, characteristic gelation
behavior, and total degradation in alkaline conditions. Since about 55% of its content degraded in 8 hours
(hrs) at pH 6.8, and it completely degraded to CA in 24 hrs [38-45].

According to the previous study, saturated aqueous solubility, dissolution rate, and antibacterial
activity were improved by formulating CP with Pluronic® F127 / Polyvinylpyrrolidone (PVP K30) as ASD.
It was shown by an increase in solubility from 3.5 to 8 times [46]. Another study demonstrated that CP's
solubility and dissolution rate were increased when it was prepared as an ASD utilizing the solvent
dispersion method with skimmed milk powder as the carrier. The formulations showed acceptable physico-
chemical parameters for two months and were stable [47].

The objective of this study was to improve the solubility of CP by amorphous solid dispersion
technique using soluplus, PVP K30, and ethyl cellulose (EC) in different compositions and ratios and
investigate the physical stability of the best formulation during six months of storage at accelerated
condition (40 °C and 75% relative humidity (RH) according to The International Council for Harmonisation
of Technical Requirements for Pharmaceuticals for Human Use (ICH) Guideline) by DSC, PXRD, FTIR,
FESEM, in vitro release, and antibacterial zone of inhibition.

2. RESULTS AND DISCUSSION
2.1. Saturation solubility study

Table 1 provides the data for the saturation solubility study results. It showed that the drug's
solubility is pH-dependent, meaning the drug's solubility fell when PH rose. After preparation of ASD, at
PH 1.2, F1 improved the solubility more than F since F1 inclined the solubility approximately 28 times
compared with F, which raised the solubility around five times. F2 showed a little decline in the solubility,
while F3 did not affect the solubility. On the other hand, none of these formulations could enhance the
solubility and could not protect the drug from degradation at PH 4.6 and 7.4 after 72 hrs. It suggested that
chemical instability was attributed to the drug-polymer bonding not being enough to negate CP degradation
in the neutral and alkaline solution.
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Table 1. Saturation solubility study of CP, F (CP:soluplus 1:1), F1 (CP:soluplus:PVP 1:1:1), F2 (CP:PVP 1:2) and
F3 (CP:PVP:EC 1:1.5:0.5) (mean £ SD, n=3)

Formulation PH 1.2 (mg/ml) PH 4.6 (mg/ml) PH 7.4 (mg/ml)
CP 5.542+0.164 0.581+0.084 0.562+0.048
F 25.003+0.509 0.341+0.388 0.651+0.087
F1 142.061+0.44 0.6260.02 0.638+0.049
F2 5.384+0.232 0.922+0.266 1.148+0.136
F3 5.928+0.12 0.97+0.076 2.4660.392

2.2. Differential scanning calorimetry (DSC)

DSC is one of the most valuable techniques for thermal analysis to determine a drug's thermal
behavior. Figure 1 displays the thermogram for both pure drug and ASD formulations. However, CP had Tg
99.69 °C. Since no sharp peak was observed, elucidated the amorphous state of the drug and is compatible
with Mujtaba et al. result who reported that CP did not show any sharp melting endotherm between 40 °C
and 200 °C [48]. Furthermore, all ASD formulations have shown similar patterns, and a single Tg was
obtained for each formulation, indicating that the drug is miscible with these polymers and confirming the
successful formation of amorphous systems. These results were in agreement with the data reported by Patel
et al who demonstrated that DSC thermograms of the hot melt extrudate after blending CP with Eudragit
did not show melting endotherm) [49].
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Figure 1. The DSC thermogram of CP, F (CP:soluplus 1:1), F1 (CP:soluplus:PVP 1:1:1), F2 (CP:PVP 1:2) and F3
(CP:PVP:EC 1:15:0.5)

2.3. Fourier transforms infrared spectroscopy (FTIR)

FTIR spectroscopy was used to investigate the possibility of intermolecular interaction between the
drug and polymers [50]. The FTIR spectra of CP showed wavenumber of 3341 cm™ for N-H vibration, 2985
cm™! and 2939 cm! for C-H vibration, 1759 cm™ for C=0O vibration, 1681 cm! for C=0O vibration, 1539
cm™1 for C=C vibration, 1454 cm™! for C=N vibration, 1373 cm™ for C=C vibration, 1273 cm™ for C-N
vibration, and 1072 cm™. for C-C vibration, 902 cm™ for C-CL vibration and 810 cm™ for C-H vibration
(Figure 2) [51].
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Figure 2. FTIR spectra of soluplus, PVP, EC, CP, F (CP:soluplus 1:1), F1 (CP:soluplus:PVP 1:1:1), F2 (CP:PVP 1:2) and F3
(CP:PVP:EC 1:1.5:0.5)

Compared to the neat amorphous API, the FTIR spectrum of ASD formulations obtained showed
several significant differences (Table 2). F, F1, F2, and F3 peaks corresponding to the N-H vibration at a
wavenumber of 3321 cm~ were significantly broadened and shifted to the higher wavenumber. In addition,
peaks at wavenumber of 2985 cm™! corresponding to the C-H vibration lower shifted in these formulations.
Whereas there was a significant peak intensity reduction and higher shift corresponding to the C=0O
vibration at a wavenumber of 1759 cm™ except F, where this peak is lower shifted and stilled with the same
intensity. The polymers' miscibility with CP is shown by peak shifting, broadening, and intensity reduction,
which were indicative of hydrogen-bonding interactions as seen in Kader et al. experiment [52]. The
evidence suggests that the hydrogen bonding with the C-H group CP molecule may be sufficiently strong to
weaken the N-H stretching, resulting in a weak and broad peak.

Table 2. Wavenumber of the characteristic peaks of CP and ASD formulations

Formulation N-H vibration (cm™) C-H vibration (cm™?) C=0 vibration (cm™?)
CP 3321 2985 1759
F 3421 2931 1739
F1 3437 2931 1789
F2 3502 2974 1789
F3 3460 2981 1789

2.4. Powder X-ray Diffraction (PXRD)

The drug's crystallinity change might be investigated using XRPD. The X-ray diffractogram of CP
showed a typical halo peak, indicating an overall amorphous form (Figure 3) [43]. After preparation of the
F1 formulation, the drug was still amorphous without Braggs along the peak, which is identical to the work
done by Duraivel et al. [53] The outcomes of this experiment confirmed the results of DSC studies.
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Figure 3. The PXRD diffractogram of CP and F1 (CP:soluplus:PVP 1:1:1) formulation

2.5. Field Emission Scanning Electron Microscope (FESEM)

Large particles of CP with particle size around 106.2 nm, sticky and hazy structures were seen
(Figure 4). However, the change in surface morphology showed a fine and fluffy state and a smaller particle
size of about 35.02 nm, observed in the F1 formulation.

Figure 4. FESEM micrographs of CP (a and b) and F1 (CP:soluplus:PVP 1:1:1) formulation (c and d)

2.6. In vitro dissolution study

Dissolution studies were conducted to investigate the dissolution performance of the pure drug and
various ASD formulations in HCL 0.1N (PH 1.2) for up to 120 minutes (min). Figure 5 demonstrates that the
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initial cumulative drug release in an acidic solution is around 69 % at 15 min. After that, the cumulative drug
release of CP elevates slowly to reach about 78%. This was well-matched to the results of Fan et al. [54].

F1, F2, and F3 accelerated initial cumulative drug release, whereas F slowed it below API value in
the same period. Later, the cumulative drug release of all ASD formulations exceeded the CP value to the
range between (85-100%) at the end of 120 min. It means the dissolution rate of CP was enhanced with F1,
F2, and F3, and the solution concentrations of the drug with all formulations were higher than amorphous
CP, resulting from an increased wettability and supersaturation maintenance in addition to particle size

reduction.
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Figure 5. Dissolution profile of CP, F (CP:soluplus 1:1), F1 (CP:soluplus:PVP 1:1:1), F2 (CP:PVP 1:2) and F3 (CP:PVP:EC
1:1.5:0.5) (mean * SD, n=3)

2.7. Antibacterial activity

The goal of antibacterial studies was to determine the effect of drug solubility on its efficacy in
inhibiting the growth of pathogenic bacteria. Table 3 shows the antibacterial activity of 500 mcg/ml of CP
against the two tested bacteria. The released drug from F and F1 inhibited bacterial growth more effectively
than the pure drug, F2 and F3, demonstrating the potential of this formulation to treat illnesses caused by

these bacteria (Figure 6).

Table 3. Antibacterial activity of the CP and ASD formulations (mean + SD, n=3)

Inhibition zone mean (mm) * SD

Formulation P. mirabilis S. pneumoniae
CP 19.66+0.57 13.33£1.52
F 23+1 20+1
F1 25.33£1.52 20.66£1.15
F2 20.33+0.57 15.33+0.57
F3 21.66+1.15 14.66+0.57
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Figure 6. The antibacterial activity of CP, F (CP:soluplus 1:1), F1 (CP:soluplus:PVP 1:1:1), F2 (CP:PVP 1:2), and F3
(CP:PVP:EC 1:1.5:0.5) against P. mirabilis and S. pneumoniae (mean + SD, n=3)

F1 had the best results among other formulations in the above experiments. Since the solubility of
CP raised around 28 times in the saturation solubility test, the cumulative drug release inclined about 14 %
(p-value <0.05) with antibacterial activity improvement. So, this composition was predicted to be an
optimum formulation to submit for the stability test.

2.8. Stability study

The F1 sample exhibited a single Tg value during this period, suggesting homogeneity and the
absence of AAPS. In addition, it didn't display any sharp endothermic peak in which CP was still stable
against recrystallization during the sixth month of storage (Figure 7).

2 12
Hurnidity . Temperature
\ 0\
AN
B4 AN
\ 6 months B \
- - _—_ 6months
™ —
. N s o] N
% 10+ N 3 -
£ £
20 :
[~ 1 w 4
: z ! — 3monts
0 L — 3 months 0 —
I ) S — I o \
0\ \
\\\\ -2
o o
-5 — -4 - _— —
LN AL L DL R L DL L L | _6'I'I'I'I'I'I'I'I'I
060 8 100 120 0 160 180 20 0 60 8 10 120 0 160 180 20
Temperature (°C) Temperature (°C)

Figure 7. The DSC thermogram of F1 (CP:soluplus:PVP 1:1:1) after zero, 3, and 6 months of storage at 75%RH and 40 °C

FTIR spectrum of F1 exhibits notable changes in intensity and peak shape over six months when
stored at higher temperatures and humidity levels (Figure 8). Besides, the peak corresponding to the N-H
shifted higher in the first and third months. This peak shifted to a lower wavenumber in other months. But
peaks of C-H and C=0 groups stilled within the range even stored for 180 days. Since there was little or no
peak shifting in this period,
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Figure 8. The FTIR spectra of F1 (CP:soluplus:PVP 1:1:1) after zero, 1, 2, 3, 4, 5, and 6 months of storage at 75%RH and 40
°C

It was observed that all of the characteristic peaks associated with the drug were retained, and the
absence of new peaks (approximately 3583 cm™1) in the FTIR spectra of F1 formulation indicated that no new
compound (recrystallization to cefpodoxime acid) was generated during storage and confirmed its stability
in the accelerated condition [12, 55].

When F1 samples were kept under accelerated conditions, it was noted that they were found to be
ultimately halos and didn't undergo recrystallization under these conditions for up to 3 months (Figure 9).
Also, the diffractogram revealed that the F1 formulation was mostly amorphous, with no diffraction Braggs
observed in the second half of the storage period. Moreover, the X-ray data showed no indication of AAPS.
Since the positions of the X-ray amorphous halos did not change with time [56]. It was also agreed with DSC
and FTIR results.
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Figure 9. The PXRD diffractogram of F1 (CP:soluplus:PVP 1:1:1) after zero, 3, and 6 months of storage at 75% RH and 40
°C

Figure 10 displayed the F1 samples' dissolution profile during six months of storage under
accelerated conditions. During the first three months of storage, F1 samples displayed drug release, the same
as its release from the immediately prepared formulation under both conditions, confirming the amorphous
form of CP. Meanwhile, the drug release from F1 saw a slight delay within the first hour of the last three
months of storage. However, at the end of the second hour, it nearly reached 92%. It demonstrates that F1
formulation may prevent amorphous CP from recrystallizing even after exposure to harsh conditions for a
long time
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Figure 10. The dissolution profile of F1 (CP:soluplus:PVP 1:1:1) after zero, 1, 2, 3, 4, 5, and 6 months of storage at 75%RH
and 40 °C (mean £ SD, n=3)

Furthermore, microbiological evaluation studies during six months of storage demonstrate that F1
gave approximately the same diameters compared with recently prepared formulation against both bacteria,
which means this composition upsurges and preserves the antibacterial activity of the drug after exposure to
a half year of harsh conditions (Figure 11).
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Figure 11. Antibacterial activity of F1 (CP:soluplus:PVP 1:1:1) after 1, 2, 3, 4, 5, and 6 months of storage at 75% RH and 40
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Figure 12. The agar plates show a zone of inhibition around the wells for formulation F1 (CP:soluplus:PVP 1:1:1) against
a) S. pneumoniae after storage at 40 °C for five months b) P. mirabilis after storage at 40 °C for four months c) S. pneumoniae
after storage at 75% RH for five months.
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3. CONCLUSION

The significant solubility enhancement of pure drug was observed in the F1 formulation, and it was
attributed to the wetting effect and supersaturation maintenance of polymers in addition to the particle size
reduction by the solid dispersion technique. The stability studies showed no or little changes (neither AAPS
nor recrystallization) were recorded concerning F1 in harsh conditions over six months. Therefore, the
corporation of low hygroscopic soluplus and PVP k30 with antiplasticizing effect, in addition to their strong
hydrogen bonding interaction, made this ternary system effectively improve the solubility and optimized
the physical stability of the amorphous CP in accelerated condition.

4. MATERIALS AND METHODS

4.1. Materials

CP was supplied by the Hubei Widlely Chemical Reagent Co., Ltd., (Wuhan, China). Soluplus®
(MW: 118,000 g/mol) was purchased by BASF (Ludwigshafen, Germany). PVP K30 (MW: 40,000 g/mol) was
obtained from CDH (P) Ltd. (Delhi, India). EC was bought from HIMedia Laboratories Pvt. Ltd
(Maharashtra, India). All other chemicals were of analytical grade.

4.2. Preparation of amorphous solid dispersion

The composition of the different ASD systems prepared by the solvent evaporation method is given
in Table 4. After dissolving CP, PVP K30, Soluplus, and EC in methanol, the solvent was evaporated using a
rotary evaporator (BUCHI Rotavapor R-205) from Switzerland. The dried film that was thus produced was
then passed through a sieve no. 40 and dried again at 25 °C [57].

Table 4. ASD formulations

Formulation Composition Drug to polymer molar ratio
F CP-soluplus 11

F1 CP-PVP K30-soluplus 1:1:1

F2 CP-PVP K30 1:2

F3 CP-PVP K 30-EC 1:1:0.5

4.3. Determination of the saturation solubility

The investigation focused on the equilibrium solubility of CP and ASD formulations in different PH
solutions. In summary, the excess samples were dispersed in 10 mL solutions with PH values of 1.2, 4.6, and
7.4. The suspension was then stirred at 100 rpm under 37 °C. After 72 hrs, a 0.45 pm syringe filter was used
to filter the solution. The filtrates were then examined using a UV-1800 spectrometer (Shimadzu, Japan) at
263.5, 231.5, and 232.5 nm [58].

4.4. Differential Scanning Calorimetry (DSC)

Powder samples were subjected to thermodynamic analysis using DSC (Shimadzu, Japan). Weighed
3-5 mg powder samples were put in an aluminum-sealed pan. During the sample scanning, a heating rate of
10 °C/min from 30 °C to 200 °C in an atmosphere of nitrogen was used. The endothermic peak of the DSC
curve was used to record their Tg.

4.5. Fourier Transforms Infrared Spectroscopy (FTIR)

The drug, polymers, and ASD formulations were all the subject of FTIR analyses. The materials were
combined with KBr and tableted before being analyzed using FTIR (Shimadzu, Japan). Using a 4 cm™
solution, the scans were taken between the 4000-400 cm™! scanning wavenumber ranges.

4.6. Powder X-ray Diffraction (PXRD)

Powder sample PXRD patterns were obtained with an X-ray diffractometer. The working condition
were as follows: voltage of 40 kV, current of 30 mA, and scanning speed of 1/min across a range of 10-90°
(20).

4.7. Field Emission Scanning Electron Microscope (FESEM)
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The surface morphology was investigated at different resolutions using a FESEM (Inspect F 50, FEI
company, Spain). After the samples were air-dried and fixed on double-sided adhesive tape previously
secured to glass stubs, the stub was put into a fine coat ion sputter for gold coating, and the pure drug and
F1 surface morphology were examined.

4.8. In vitro dissolution study

A USP II apparatus was used in the dissolution investigation, conducted at 37 £ 0.5 °C and 100 rpm
paddle speed utilizing the paddle method. To put it briefly, 900 mL of 0.1N HCL with PH 1.2 was used as
the dissolution media, and the proper quantity of the drug and ASD samples (equal to 100 mg of CP) were
added. Periodically, samples (5 mL) were taken, and an equivalent volume of dissolution media was added.
The concentration of CP was measured at 263.5 nm using a UV-1800 spectrometer (Shimadzu, Japan)
following filtering through a 0.45 pm syringe filter.

4.9. Antibacterial activity

Mueller-Hinton agar was utilized as a culture-growing medium. It was prepared by the
manufacturer's specifications and autoclaved for 15 min at 121 °C and 15 psi of pressure. The medium was
left to solidify after being transferred onto sterile Petri dishes. Using the agar well diffusion technique, the in
vitro antibacterial activity of CP and ASD formulations was tested against Gram-negative Proteus mirabilis
(P. mirabilis) and Gram-positive Streptococcus pneumoniae (S. pneumoniae). A 0.5 McFarland standard, which
has an optical density comparable to a bacterial suspension density of 1.5 x 108 colony-forming units
(CFU/ml), was used to compare the density of cultured bacteria. Bores were made into the solidified
material using a sterile borer. After passing through a 0.45 pm syringe filter, 0.1 ml of Sample solutions with
CP concentration in 0.1N HCL (500 mcg/ml) were added to the appropriate bores to permit diffusion and
settling. Samples from petri plates were placed in an incubator at 37 °C for a whole day. Following this, the
zone of inhibition was determined [59].

4.10. Accelerated stability study

Under specific storage conditions (25 °C and 60% RH for two years or 40 °C and 75% RH for six
months, according to ICH Guidelines), stability studies must be conducted to confirm the formulations'
physical stability against AAPS and undesired recrystallization [16, 60-62]. Physical stability of optimum
formulation was examined after storing the optimum formulation for six months at 40 °C in an incubator
and at 75% RH in a desiccator. Samples were taken monthly, and their stability was assessed by DSC, PXRD,
FTIR, in vitro release, and antibacterial zone of inhibition.

4.11. Statistical analysis

All of the data are shown as mean * standard deviation (SD). A one-way ANOVA with the Prism
software was used to establish the statistical significance. A significant p-value of <0.05 was considered
[63,64].
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