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5
6 1. Materials and experimental procedure 

7 1.1. Materials 

8 The neomycin sulfate (99.8%) was purchased from Sigma-Aldrich. CTAB and acetone 

9 (CH3COCH3 , 99.9%) were provided from Merck.

10

11 1.2. Material characterization

12 The samples were comprehensively characterized using a suite of analytical techniques. 

13 Morphology and elemental composition were investigated using ZEISS instruments: field 

14 emission scanning electron microscopy (FESEM, Sigma VP model) equipped with energy-

15 dispersive X-ray spectroscopy (EDX), and transmission electron microscopy (TEM, EM10C-

16 100KV model). Particle size distribution was analyzed by dynamic light scattering (DLS) using a 

17 Malvern Zetasizer. Thermal properties were assessed using Mettler Toledo equipment: 

18 thermogravimetric analysis and derivative thermogravimetry (TGA/DTG, TGA2 model) for 

19 stability, and differential scanning calorimetry (DSC, DSC-2 model) for thermal transitions. The 

20 crystalline structure was determined by X-ray diffraction (XRD, Panalytical X'Pert Pro model), 

21 and functional groups were identified by Fourier-transform infrared spectroscopy (FT-IR, 

22 PerkinElmer Spectrum Two model). Surface topography was evaluated by atomic force 

23 microscopy (AFM, Bruker JPK Nanowizard-2 model). And also Mapping and EDX-a was done 

24 by Vega 3 model aof TESCAN Company.

25

26 1.3. Preparation of CTAB solution

27 To prepare the CTAB solution, 0.365 g of CTAB powder (molecular weight = 364.45 g/mol) was 

28 dissolved in 1.0 liter of double-distilled water and stirred thoroughly to achieve an aqueous 

29 solution with a concentration of 1.00151 mM. The addition of CTAB is hypothesized to reduce 
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30 the surface tension of the formed nanoparticles, a phenomenon attributed to its significant 

31 surfactant properties [39, 40]. This solution was stored at room temperature for five days and 

32 stirred twice daily (morning and evening) to ensure homogeneity and stability. The final CTAB 

33 solution was subsequently utilized as a stabilizing agent in the synthesis of neomycin 

34 nanoparticles. 

35

36 1.4. Synthesis of neomycin nanoparticles

37 In this section, the method for the synthesis of neomycin nanoparticles is explained in detail. First, 

38 an exact amount of neomycin powder (purity ≥ 95%) was weighed using a digital analytical 

39 balance (accuracy: ±0.1 g) based on the desired equilibrium concentration. The weighed neomycin 

40 was then added to 10 g of double-distilled water (25°C). To ensure complete dissolution, the 

41 mixture was homogenized using a magnetic stirrer at controlled speeds of 300, 350, 400, and 450 

42 rpm for 20 minutes. This range of stirring speeds was selected to investigate the effect of shear 

43 force on solution homogeneity.  After confirming the homogeneity of the neomycin solution, a 

44 predetermined amount of CTAB surfactant with a concentration established from prior studies was 

45 added to the beaker. To achieve optimal mixing, the stirring system was activated at a constant 

46 speed between 300 and 450 rpm, and the mixing process continued until equilibrium was reached. 

47 The solution temperature was continuously monitored using a calibrated digital thermometer 

48 (±0.1°C).  A turbidity sensor was installed 2 cm from the crystallizer wall to measure changes in 

49 turbidity. Pure acetone (HPLC grade) was added dropwise (0.02 mL per drop) at 5-minute 

50 intervals. The first signs of physical change (e.g., localized cloudiness) were recorded as the initial 

51 saturation point. Acetone addition continued until stable turbidity (supersaturation) was achieved 

52 under isothermal conditions (25°C). The induction time (the interval between initial saturation and 

53 supersaturation), as clearly depicted in Fig.1, Section C (the induction time segment of steps 1 to 

54 4), was measure using a synchronized turbidimeter and reaction timer data.  To ensure 

55 reproducibility, the entire process was repeated in four independent trials under controlled 

56 conditions (constant temperature, humidity, and lighting). The schematic diagram of the used 

57 laboratory setup is shown in Fig.2.

58 It should be noted that, to mitigate the totoxicity of CTAB, the surfactant was extensively removed 

59 post-synthesis. The crude nanoparticle suspension was subjected to centrifugation (12,000 rpm, 30 

60 min, 4 °C) to eliminate free CTAB and acetone. The precipitate was then rigorously washed via 



61 five cycles of redispersion and centrifugation in a cold ethanol-water solution (70:30 v/v, 4 °C) to 

62 disrupt CTAB's hydrophobic interactions, followed by a final wash with cold deionized water. 

63 Efficacy of CTAB removal was quantitatively confirmed by EDS analysis, which showed a 96% 

64 reduction in bromine content (a signature element of CTAB) from 48.5% (Fig. 6a, before washing) 

65 to 2% ((Fig. 6b, after washing) after the washing process.

66

67

68 2. Theory     

69 2.1. Classical nucleation model

70 Classical nucleation theory offers a theoretical basis for the formation of new phases such as solid, 

71 liquid, or gas within an existing parent phase during phase transitions [1]. This framework explains 

72 how tiny clusters, or nuclei, of a new phase originate and expand under specific conditions. A key 

73 aspect of this theory is the steady-state nucleation rate, which quantifies the number of nuclei 

74 generated per unit time and volume. This rate is commonly expressed using an Arrhenius-type 

75 equation:

𝐽𝑠 = 𝐴𝑒𝑥𝑝( ‒
∆𝐺𝑐𝑟𝑖𝑡

𝑘𝑇
)

(1)

76 Here, A represents the pre-exponential factor, which is influenced by the nucleation kinetics within 

77 the growth medium. The parameters k and T correspond to Boltzmann's constant and the absolute 

78 temperature (K), respectively. Additionally, the correlation between temperature and the 

79 supersaturation ratio (S) is mathematically defined in Eq. 2.

80
𝐽𝑠 = Aexp [ ‒

16 𝜋𝛾3𝑣2

3𝑘3𝑇3(Ln 𝑆)2]                                                                                                                 (2)

81 Given that the nucleation rate is inversely related to the induction time it can be said that the 

82 induction time in the homogeneous primary nucleation mechanism can be expressed in the 

83 following form [15, 29, 41]:

84
𝑡𝑖𝑛𝑑 = 𝐴1𝑒𝑥𝑝[ 16 𝜋𝛾3𝑣2

3𝑘3𝑇3(Ln 𝑆)2]                                                                                                                  (3)

85 in which A1 is the nucleation constant, 𝛾 is the solid–liquid surface tension and  is the molecular 𝑣

86 volume.

87 It should also be noted that the classical power equation presented in Eq. 4 has been used as a 

88 proposed model for secondary nucleation in the absence and presence of a solid phase: 



89 𝐽 = 𝐾𝑠𝑆𝑛                                                                                                                                                (4)

90 In this relation, Ks is an empirical constant related to the rate of secondary nucleation and n 

91 represents the order of secondary nucleation [2, 3]. 

92 The induction time for secondary nucleation in the absence of seed crystals can be expressed as 

93 Eq. 5.

94 ln Ks
ln 𝑡𝑖𝑛𝑑 = ‒ 𝑛ln 𝑆                                                                                                                                 (5)

95 It is worth mentioning that in Eq. 5 by plotting (ln tind) against (ln S) and calculating the slope of 

96 the resulting line, the degree of secondary nucleation (n) can be determined. This approach enables 

97 the analysis of nucleation behavior and contributes to a deeper understanding of the mechanisms 

98 governing the crystallization process.

99

100 2.2. Kashchiev heterogeneous nucleation model

101 In this section, the model proposed by Kashchiev et al. [4, 5], for calculating the induction time in 

102 the heterogeneous primary nucleation mechanism is presented.

103                                       (6)
𝑡𝑖𝑛𝑑 = 𝐾𝑒𝑥𝑝( ‒

𝑆
𝑘𝑇)(1 ‒ exp ( ‒

𝑆
𝑘𝑇))( ‒

3𝑚
1 + 𝑚)

.𝑒𝑥𝑝(
4𝑐3𝑣23

27(1 + 3𝑚)𝑘𝑇𝑆2
)

104 In which c is shape factor, and m is related to growth type.

105 The relationship in Eq. 6 can be summarized as follow:

106                                                                         (7)
𝑡𝑖𝑛𝑑 = 𝐾(𝑆(𝑆 ‒ 1)3𝑚)

‒ 1
1 + 3𝑚.𝑒𝑥𝑝⁡(

𝛾

(1 + 3𝑚)𝑙𝑛2𝑆
)

107 Kashchiev et al. [4] has reported values of 1, 0.5, and 0.33 for the m parameter. The selection of 

108 any of these three values for the proposed model is made by fitting the experimental data to Eq. 7. 

109 In this article, the value of m is considered to be equal to 1; therefore, Eq. 7 can be expressed as 

110 follows:

111                                                                                        (8)
𝑡𝑖𝑛𝑑 = 𝐾(𝑆(𝑆 ‒ 1)3)

‒ 1
4 .𝑒𝑥𝑝⁡(

𝛾

4𝑙𝑛2𝑆
)

112 If the equation is written as follows:

113                                                                                        (9)
𝑡𝑖𝑛𝑑.(𝑆

1
4(𝑆 ‒ 1)

3
4) = 𝐾𝑒𝑥𝑝⁡(

𝛾

4𝑙𝑛2𝑆
)

114 If one takes the natural logarithm from Eq. 9 then:



115                                                                                    (10)
𝑙𝑛⁡(𝑡𝑖𝑛𝑑.𝑆

1
4(𝑆 ‒ 1)

3
4) = ln 𝐾 +

𝛾

4𝑙𝑛2𝑆

116 Therefore, by plotting  against (  and fitting the experimental data, the 𝑙𝑛⁡(𝑡𝑖𝑛𝑑.𝑆
1
4(𝑆 ‒ 1)

3
4)

1

𝑙𝑛2𝑆
)

117 optimal value for m can be selected.

118 2.3. Interfacial energy calculations 

119  The classical nucleation theory can be adapted for a solid-liquid system to determine interfacial 

120 energy, as expressed in Eq. 11 [6-8]:

121
𝐽𝑠 = Aexp [ ‒

𝑓𝛾3𝑣2

𝑘3𝑇3(Ln 𝑆)2]                                                                                                                    (11)

122 In which f and γ are the particle shape factor and the interfacial energy of solid–liquid phase (J/m2). 

123 The remaining parameters are consistent with those in Eq. 3. Given the inverse relationship 

124 between nucleation rate and induction time, Eq. 11 can be reformulated as Eq.12:

125
𝑡𝑖𝑛𝑑 = 𝐴1𝑒𝑥𝑝[ 𝑓𝛾3𝑣2

𝑘3𝑇3(Ln 𝑆)2]                                                                                                                   (12)

126 If one takes the natural logarithm from Eq. 12 then:

127
Ln 𝑡𝑖𝑛𝑑 = Ln 𝐴1 + [ 𝑓𝛾3𝑣2

𝑘3𝑇3(Ln 𝑆)2]                                                                                                         (13)

128 Therefore, by plotting Ln tind against 1/(T3(Ln S)2) and finding the slope of the line (A), interfacial 

129 energy can calculated:

130
𝐴 =

𝑓𝛾3𝑣2

𝑘3
                                                                                                                                                (14)

131 Finally, the interfacial energy can be calculated as Eq.15:

132
𝛾 = 𝑘(

𝐴

𝑓𝑣2
)1/3                                                                                                                                          (15)

133  In this equation , represents the molecular volume (m³) and is defined as m=M/ρN. Here ρ is  𝑣 𝑣

134 density measured (kg/m³), Mw indicates molecular weight (kg/mol), k is the Boltzmann constant, 

135 which has a value of 1.38×10−23 (m²·kg/(s²·K)), and N refers to Avogadro's number, equal to 

136 6.022×1023 mol⁻¹.

137 It should be note that Eq. 16 can be used to calculate the critical radius [1].

138                                                                                                                               (16)
𝑟𝑐 =

2𝛾𝑣
𝑘𝑇𝑙𝑛 𝑆

139
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145 3. Figures of Manuscript

146

147

148

149 Fig. 1. The solution preparation to final results would include several consecutive stages: (A) 

150 unsaturated solution, (B) saturation state, (C) induction time measurement, (D) final 

151 supersaturation, (E) stability without CTAB, (F) stability with CTAB, (G) solvent evaporation, 

152 (H) weighing, and (I) nanoparticle characterization.



153

154 Fig 2. Schematic diagram of the laboratory setup: (1) First Stirrer, (2) Mixer or (Magnetic 

155 Stirrer), (3) First Crystallizer, (4) Burt, (5) Base, (6) Laboratory clamp, (7) Thermometer, (8) Pc 

156 Lab, (9) In situ turbidity meter, (10) Reaction timer and (11) LED, (12) Pump, (13) Support, (14) 

157 Second Stirrer, (15) Mixer or (Magnetic Stirrer), (16) Second Crystallizer and (17) Valve.

158

159

160

161

162



163       Fig. 3 A, B) FSEM (20.00 KX), C, D) FSEM (50.00 KX), E) TEM (27.800 KX) F) TEM (10.00 KX)
164   and G) TEM (27.800 KX) images of nanoparticles without CTAB as stabilizer.
165

A B

C D

E F



166

167 Fig. 4 FSEM images of synthesized neomycin nanoparticles (A-C) 100.00KX.

168

169

170

A B

C D



171

172 Fig. 5 TEM imaging of synthesized neomycin nanoparticles (A, B) 60.00 KX , C) 35.790 KX 

173 and D) 27.800 KX.

174

175

176

A B

C D



177
178

179

180 Fig. 6 EDX spectrum of neomycin nanoparticles: (A) Before CTAB removal, (B) After CTAB 

181 removal.
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186 Fig. 7 Elemental mapping of synthesized neomycin.
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191

192

193 Fig.8 DLS diagram (A) and size distribution (B) for synthesized neomycin nanoparticles.
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194

195

196 Fig.9. TGA (A), DSC (B) spectra for synthesized neomycin nanoparticles in the presence of 

197 CTAB and and comparison with existing results.

198

199
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200

201 Fig. 10. XRD spectra for the synthesized neomycin nanoparticles in the presence of CTAB and 

202 comparison with existing results.
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213   

214 Fig. 11 AFM images of the neomycin nanoparticles.
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219

220 Fig.12 FT-IR spectroscopy before and after neomycin nanoparticles formation in the presence of 

221 CTAB and comparison with existing results.

222



223

224 Fig. 13 Effect of agitation rate on induction time and size of neomycin nanoparticles in the 

225 presence CTAB.

226



227

228 Fig.14 Neomycin solubility versus acetone mass fraction in the presence of CTAB and 

229 comparison with existing results.
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233

234

235 Fig.15 (A) ln tind v.s 1/(ln S)2 and (B) ln tind v.s ln S and (C) ln(t_ind.S^(1/4)(S-1)^(3/4)) versus 

236 1/(ln(S))² at temperatures of 25 ℃ and the initial concentration of 0.6 g/kg of CTAB.
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237

238

239
240 Fig. 16. Direct effect of supersaturation on the growth rate and size of neomycin nanoparticles in 

241 the presence of CTAB.



242

243 Fig. 17. Direct relationship between critical radius and supersaturation and its effect on the 

244 growth rate and size of neomycin nanoparticles in the presence of CTAB.

245



246

247 Fig.18 Effect of critical radius on the growth rate and final size of neomycin nanoparticles in the 

248 presence of CTAB stabilizer.

249

250 Fig.19. ln tind v.s 1/(T3 (ln S)2) for CTAB solution concentrations of 0.6 g/kg at 25 °C.



251

252

253

254 Fig.20. MSZW of neomycin as a function of weight percentage in the neomycin/water/acetone 

255 system in the presence of CTAB solution with concentrations of 0.6 g/kg.
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260 4. Tables of manuscript

261 Table 1. Comparison between the induction time measurement using two methods of visual and 

262 in situ turbidimeter.

Supersaturation Number of 
repeats

Induction time 
(s)

(Visual method)

Standard 
deviation

Induction time (s)
(Turbidimeter 

method)

Standard 
deviation

1.18 8 129 10 112 10
1.2 8 117 9 103 9
1.21 8 123 11 101 10
1.25 8 121 10 99 9
1.29 8 115 9 96 8
1.33 8 109 8 94 8
1.34 8 114 9 91 8
1.351 8 101 8 90 7
1.379 8 110 9 89 7
1.408 8 103 10 86 8
1.43 8 102 9 84 7
1.45 8 109 8 83 6
1.47 8 97 8 81 7
1.48 8 93 9 79 7
1.66 8 100 10 77 7
1.663 8 95 8 76 6
1.664 8 99 8 74 6
1.67 8 85 8 73 5
1.785 8 88 7 70 6
1.9 8 79 7 64 5
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264
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267 Table 2. Solubility, induction time, critical radius and supersaturation concentration at the 

268 nucleation point of neomycin sulfate in the presence of CTAB solution.

Agitation 
rate

(rpm)

Neomycin initial 
concentration 

(g/kg)

Solubility 
(g/kg)

Supersaturatio
n (S)

Induction 
time 
(s)

Critical radius 
(nm)

20 17 1.18 112 1.689  
20 16 1.21 103 1.467  
20 15 1.33 91 0.981  
20 13.8 1.45 86 0.753  

300

20 12 1.66 79 0.552
30 25 1.2 101 1.534  
30 24 1.25 94 1.254  
30 23.5 1.28 89 1.133  
30 21.1 1.43 81 0.782  

350

30 21 1.67 74 0.545
40 31 1.29 99 1.099  
40 29 1.379 96 0.957  
40 27 1.48 83 0.714  
40 24 1.66 76 0.552  

400

40 21 1.9 72 0.436
50 37 1.351 90 0.932  
50 35.2 1.408 84 0.817  
50 34 1.47 77 0.726  
50 30 1.666 70 0.548  

450

50 28 1.785 64 0.483
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276 Table 3. Correlation coefficients of different nucleation models in the presence of 0.6 g/kg 

277 CTAB solution.

Line equation, R2

Initial neomycin 
concentration (g/Kg) Secondary

 nucleation model
Classical homogeneous 

nucleation model
Kashchiev heterogeneous

 nucleation model

20 -0.96X+4.83; 0.9297 0.01X+4.36; 0.9728 -0.04X+4.35; 0.8702
30 -0.89X+4.74; 0.9406 0.01X+4.29; 0.9647 -0.03X+4.18; 0.8662
40 -0.88-+4.81; 0.9275 0.03X+4.24; 0.9653 -0.02X+4.12; 0.8815
50 -1.34X+4.92; 0.9120 0.05X+4.03; 0.9818 -0.02X+4.10; 0.7703
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291 Table 4. Comparison of interfacial energy for CTAB solution concentrations of 0.6 g/kg at 25 °C 

292 with existing results.

Initial neomycin 
concentration (g/kgsolvent)

R2 Interfacial energy this 
work (mJ.m− 2 )

Interfacial energy (mJ.m−2), 
Motahari et al [6].

20 0.9728 1.33 7.68

30 0.9647 1.41 8.056

40 0.9653 1.9 -
50 0.9726 2.14 -
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