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Abstract
In this paper, weWe report the synthesis of gold nano- and micro-particles (Au NPs) that relies on α-D-glucose (C6H12O6) as the reducer and stabilizer in a Rosette cell under 20 kHz ultrasound irradiation. The chemical and physical effects of ultrasonic irradiation on the synthesis were investigatedElectron microscopy characterized the morphology and size of the Au NPs, while Ultraviolet-visible (UV-Vis) spectroscopy recorded the absorption spectra of the as-synthesized gold nanoparticles. The results showed that an optimum pH is required for the formation of insoluble Au(0) particles. Upon irradiation, low pH yielded gold nanoparticles while high pH resulted in microparticles. The Au surface capping by α-D-glucose hydroxyl and carbonyl groups from α-D-glucose was confirmedharacterized by Fourier transform infrared (FT-IR) spectroscopy. X-ray diffraction (XRD) analysis indicatesd that the Au particles crystallize within athe face-centered-cubic (FCC) cell lattice. As a result, the concentration of α-D-glucose (C6H12O6) and Au(III)  (HAuCl4·3H2O) played a role in the stability, shape and size of the Au NPs. We observed that Moreover, intermittent sonication reduced larger amounts of the Au precursor compared to the continuous sonication mode. Furthermore, Ttuning ultrasound parameters of sonication time and mode influences the particle size and porosity as characterized by scanning and transmission by high and low scanning electron microscopy (SEM). Our results shed a new light into the importance of the experimental and ultrasound parameters in obtaining gold particlesAu NPs of desired features through sonochemistry. 

Keywords: Sonochemistry; Rosette cell; Gold nanoparticles; Porous particles; Anisotropic particles; Glucose
Introduction
Nanotechnology deals with the production, manipulation and use of materials ranging from 1-100 nanometers (nm). Nanoparticles can be manufactured with similar sizes and shapes to biomolecules; this makes them suitable for various applications in nanomedicine, such as targeted drug delivery, molecular imaging and biosensing [1–3]. 
Gold nanoparticles (Au NPs) are highly demanded for different applications in various fields, especially in nanomedicine [4][5]. For instance, Gold nanoparticles (Au NPs) are among potential candidates to selectively attach to tumor cells through binding affinity [6]. Au NPs are known to change their color based on their size, shape, and surrounding medium; a chemo-physical property referred to as the surface plasmon resonance (SPR) making them. The same plasmon coupling makes Au NPs suitable as thermal energy vehicles for the ablationreduction of tumor cells [7]. arrayNumerous approaches have been elaborated for the synthesis of Au NPs; however, only a few reports exist on the synthesis of gold microparticles (Au MPs) [8]. Microparticles are successful delivery vehicles capable of encapsulating/tethering interesting molecules to elicit efficacy based on unique properties: particle size, shape, structure, entrapment efficiency, drug loading, porosity, targeting and release.

Tiny Au nanospheres (Au NS) display only a single SPR peak, occurring at a wavelength of ~520 nm [9] [7]. On the other hand, Au nanorods (Au NRs) display two plasmon resonances, corresponding to the transversal (T) and longitudinal (L) modes [10,11]. The first SPR peak (T mode) is located in the visible region, centered at ~520 nm, while the second SPR peak (L mode) can be easily tuned by varying the aspect ratio of the rods (length/width) to be located in the near-infrared region (NIR), suitable for deep penetration of light into biological tissues with applications in photodynamic or photothermal therapy of cancer [12,13]. Besides, the light scattering of Au NPs is exploited in surface-enhanced Raman spectroscopy (SERS) for cell labelling  imaging[14][15]. On the other hand, Au NRs have been shown to enhance fluorescence signals compared to Au NS due to their SPR longitudinal mode [16]. Eustis and El-Sayed found that Au NRs are more suitable for imaging while hollow Au NPs and Au nano-shells are better employed as therapeutic agents [17].
In 2020, the number of estimated new cases of cancer was 225,800 in Canada, leading to over 83,300 deaths [13]. Though many cancers can be removed surgically if diagnosed at an early stage or adequately treated with radiotherapy, chemotherapy or immunotherapy, the treatment of cancer remains, at present, a patchwork of different drugs, surgeries and therapies, none of which can cure advanced forms of this disease [14]. As a result, new cancer treatments combining pharmaceuticals with Au NPs remain at the forefront of medical research [15,16]. For instance, Au NPs can act as targeted drug carriers due to their easy surface functionalization with different targeting groups[17]. At the same time, Au NRs and gold nano-shells (Au NSh) are used as photothermal agents due to their light absorption in the NIR region, enabling them to convert light to thermal energy applied for the destruction of targeted cancer cells [18]. Combining the optical and physical properties of Au NPs is an essential part of cancer theragnostic whereby Au NPs are currently being exploited as multifunctional agents to image, target and deliver toxic drugs to tumor cells [19].
Irrespective of their various advantages, the commercialization of Au NP based technologies is limited due to long synthesis protocols, irreproducibility [20] and lack of size and shape control. Conventional synthesis, such as physical [21], biological [22] and chemical [23,24] methods which mostly produce Au NS rely on reagents that are expensive or toxic with concomitant generation of by-products [25]. The parallel production of hazardous or unwanted by-products and derivatives may require additional processing for their removal, thereby increasing the production cost [26,27]. In the case of Au NRs, the cytotoxicity of cetyltriammonium bromide (CTAB) bi-layer ensuring their anisotropic shape requires removal for biomedical application, thereby prompting the need for alternative routes for Au NR production [28]. Biomedical applications of NPs increasingly require nanoparticles that are biocompatible, stable [29] and of desired shapes (such as nanospheres, nanorods, nanowires, nano-shells and nanobelts) for efficient sensing, targeting and therapeutic delivery purposes. For example, spherical Au NPs penetrate HeLa cells more efficiently compared to other Au NPs. Compared to Au nanostars and nanorods, Au nano-triangles are more readily internalized by RAW264.7 cells, which are used as a model for macrophages; a type of white blood cell that digests cancer cells [30]. Thus, it is necessary to adopt a safer and green synthetic method to produce Au NPs suitable for biomedical applications through the use of natural resources and non-toxic solvent without compromising the benefits that these Au NPs offer [31].
Recently, biomolecules, especially simple and small sugars, such as glucose [18], starch [19], sucrose [20], fructose, maltose, lactose and raffinose, have gained attention as safe and eco-friendly reducing agents to promoteall promoting the synthesis of Au NPs with 3-39 nm in sizeparticle sizes of 3-39 nm, have gained attention as safe and eco-friendly reducing agents. Moreover, the use of a green stabilizer, such as glucose, in combination with ultrasound, can accelerate the nanoparticleNP formation while simultaneously controlling the particle size and shape simultaneously [21,22]. X-ray studies to elucidatinge the reaction of Au(III) complexes with glucose show that a base, such as sodium hydroxide (NaOH), is required to hydrolyze chlorine atoms before the reduction of Au3+ occurs [23]. Sonochemistry, the application of ultrasound waves for the reduction of metal ions or complexes in solution, has been explored as a green process for the synthesis of size- and shape-controlled Au NPs. Compared to other chemical methods, ultrasound processes accelerate chemical reactions, reduce particle size, minimize the use of hazardous reagents and limit the generation of harmful by-products [24]. The sonochemical synthesis relies on the generation of  radicals derived from  acoustic cavitation, towards enhancing chemical reactions and the subsequent formation of novel nanomaterials[25]. While investigating the chemical effects of acoustic cavitation using a 20 kHz ultrasound processor operated at 500 W in order to quantify the production of reactive radicals, Laajimi et al. concluded that fewer radicals were produced at lower amplitudes (power) in the presence of small SiO2 particles [26].  	Comment by daria.camilla.boffito@gmail.com: I re-introduced this, too.
The sonochemical synthesis of Au NPs is influenced by the synthesis and operating parameters as well as by the geometry of the vessel. The influence of ultrasonic power was explored by Garcia et al. using a 20 kHz processor whereby an increase in ultrasonic power decreased particle size and polydispersity. At a power of 60 W, the Au NP solution was violet with a decreased SPR intensity due to nucleation and growth of large particles and increased polydispersity. Samples irradiated with powers of 120 W or 150 W produced ruby red suspensions with a lower polydispersity [27]. Similarly, Khani et al observed that increased ultrasonic power reduced particle size and improved the crystallinity of Mn doped TiO2 photocatalyst [28]. At 40 kHz, glucose produced gold nanobelts; when glucose was substituted by cyclodextrin, only spherical NPs were obtained while longer irradiation times merged Au NPs to yield nanobelts. 
In general, the conditions that provide the beneficial effects of sonochemistry in gold nanoparticle synthesis such as reactor or ultrasound systems  are not widely examined in the literature [29]. Ultrasound frequencies from 20 kHz to 950 kHz have been explored for sonochemical synthesis purposes although higher frequencies require more power. Furthermore, the number of radicals generated is larger at lower frequency. Radical generation is a chemical effect from  acoustic cavitation. They are generated when the instantaneous local pressure is negative in a liquid irradiated by ultrasound resulting from bubbles generated by dissolved gases [30]. For this reason, typical operating frequencies in the range of 20-40 kHz are employed in benchtop processors for NP synthesis[19]. The physical and chemical effects of ultrasound irradiation arise from transient cavitation dominating at lower ultrasound frequency (20 kHz) [31]. Transient cavitation results in relatively more violent collapse of cavities followed by fragmentation, consequently generating new cavitation nuclei [32]. Reports show that ultrasound horns at low frequency contribute to an increase in radical production [33] while intermittent pulse sonication is favored due to a slower temperature rate increase from the resulting cavitation process, thereby avoiding undesired side-effects [34]. The main difference between sonochemistry and thermal processes resides in the collapse of bubbles rising from acoustic cavitation [35] leading to localized high temperatures and pressures which generate highly reactive species advantageous to nanomaterial fabrication [36]. In addition to the chemical effects owing to radical generation, particle size reduction and surface area increase derive from the physical effects of ultrasound irradiation, as depicted by Stucchi et al., both are critical for the adsorption of drug molecules [37]. Likewise, the use of a Rosette cell was found to be more effective in reducing the particle size of sodium-exchanged vermiculite due to the additional hydrodynamic cavitation [38]. Used to produce biodiesel under ultrasound irradiation, this reactor increased the transesterification yield by 90%  when compared to a round-bottom glass flask; this geometry favors the hydrodynamic cavitation which usually occurs in small orifices, herein under the form of the reactor loops. Indeed, the loops would help faster dissipate the heat delivered by ultrasound, thus limiting the temperature rise and keeping more gas nuclei dissolved [39].
 However, reports show that the action of ultrasound can degrade organic molecules. When hydrogen oxide (H2O2) was combined with ultrasound, an increase  in radical generation towards degradation of amoxicillin was dependent on the concentration of H2O2 and amoxicillin [38] Hydroxyl radicals generated from pulsed sonication using a 20 kHz ultrasonic processor degrades sodium diclofenac [39]. Based on these reports, optimization of the energy density as well as the synthesis and operational parameters is key to reproducing the results when using organic molecules in combination with ultrasound.

Several ultrasonic-based approaches to produce Au NPs have been recently explored. Okitsu et al. studied the frequency-dependence of Au ion (Au3+) reduction in an argon-saturated solution using 1-propanol as the radical initiator and the synthetic polymer polyvinylpyrrolidone (PVP) as the stabilizer [40]. At a 213 kHz frequency, the Au3+ reduction was optimum and decreased with increasing frequency thereafter. The particle size of the produced Au NPs was influenced by the rate of reduction rather than the frequency. Fuentes-Garcia et al. explored the effect of power towards Au NP formation under ultrasound irradiation in a 20 kHz ultrasonic processor. Increasing ultrasonic power decreases particle size and polydispersity. At a power of 60 W, the Au NP solution was violet with a decreased SPR intensity due to nucleation and growth of large sized particles and increased polydispersity. Samples irradiated at 120 W or 150 W produced ruby red suspensions with a lower polydispersity [41]. Sodium citrate reduced Au3+ precursors made of HAuCl4 or KAuCl4 in a 20 kHz ultrasound processor producing Au NS. By applying an experimental design, the authors showed that high concentrations of the Au precursor were necessary to achieve high absorbance owing to an increase in the concentration of Au NS [42]. Furthermore, in the absence of surfactants, frequencies above 200 kHz converted greater amounts of Au3+ yielding stable Au NPs compared to 20 kHz frequency. In the case of the formation of anisotropic Au NPs, the relationship between power and Au NP shape was explored by Park et al. They report the ultrasound-assisted synthesis of Au NPs of different shapes and controlled sizes by tuning the experimental and operational parameters such as reducing agent and ultrasonics power [43]. Importantly, when PVP was used as the reducing and capping agent, only spherical nanoparticles were produced regardless of ultrasonic power. When sodium dodecyl sulfate (SDS) replaced PVP as the surfactant, the ratio of Au precursor to the surfactant (Au:SDS) at an ultrasonic power of 90 W produced anisotropic Au NPs. This shows the importance of the reducing agent and ultrasonic power on the resulting Au NP size and shape at 950 kHz and 0.1 M Au precursor, anisotropic Au NPs were formed after 10 min of ultrasonic irradiation; the presence of chlorine ions rather than hydroxide analogs influenced the shape control factor [44]. A 200 kHz ultrasonic system operating at optimized conditions of 16 W and irradiation time of 3 min produced Au NRs after aging with a yield above 50% [45]. In contrast to the work done by Okitsu group, it was found that 200 kHz frequency did not reduce cationic gold mixed with CTAB and saturated with argon. Instead, the addition of ascorbic acid was necessary to produce Au NRs. In another work, the reduction of Au precursor (sodium tetrachloroaurate, NaAuCl4) at 200 kHz was found to be dependent on carbon monoxide gas (CO) and methyl radicals (CH3˙) generated from the pyrolysis of 1-butanol after prolonged aging [46]. Additionally, the sonication and aging time influenced the aspect ratio of the produced Au NRs using ascorbic acid and CTAB as reducing agents [47]. In general, increased ultrasonic power and frequency was required to synthesize Au NRs with large aspect ratios. Okitsu et al. studied the effect of pH on the sonochemical formation of Au NRs and Au NPs using a 200 kHz frequency ultrasound [48]. Au NRs were formed at pH 3.5 whereas a mixture of nanowires and nanospheres are formed at pH 9.8 which corresponded to the disappearance of the longitudinal SPR band. Au nanospheres were produced in 40 kHz ultrasound water bath using polyethylene glycol monostearate as a surfactant and 3-glycidoxypropyltrimethoxysilane (GPTMS) as the reducer [49]. It is evident that the morphology and size of Au NPs is dictated by the surfactant used, the pH and the ultrasound power. The sonochemical method avoids the use of high frequency ultrasound and primary alcohols which require anaerobic environments by passivation with inert gases. Recently, the sonochemical synthesis of gold nanobelts (Au NBs) using glucose as a shape-directing agent in a 40 kHz ultrasound processor was described [50]. The width and length of the synthesized Au NPs were influenced by the sonication time whereby short Au NBs were produced for 10 min irradiation and longer Au NBs were produced for irradiation times of 30 min. This promising work shows that sonochemical methods enable the fast and efficient production of Au NPs without the use of surfactants at low frequency. Most reports on the sonochemical synthesis of Au NPs use high ultrasound frequencies and rarely low frequencies. However, based on our literature review, important ultrasound parameters (e.g., ultrasound energy density and reactor geometry) necessary to achieve the various shapes and sizes are omitted, making the results difficult to replicate.
The chemical (radical generation) and physical (mechanical agitation) effects that occur from the generation and implosion of bubbles (cavitation) during sonochemical processes have the potential to yield nanoparticles with desired characteristics, namely the size, shape, surface chemistry and colloidal stability. Khani et al. observed that increased ultrasonic power leads to smaller particles and increased crystallinity [51]. Ultrasonication of Mn-doped titanium oxide led to a reduction in particle size and as a consequence an increase in surface area [52].The energy added to the reaction owing to the cavitation generates intense shock waves and high temperatures that drive the chemical reactions under extreme conditions; this results in the production of crystalline nanoparticles of desired shapes and uniform sizes.
In this work, we describe a novel method for the sonochemical production of Au MNPs and Au NPs in a Rosette cell reactor, whereby the ultrasound waves from the probe are propelled around the typical loops of thise reactor. The synthesis method is simple and, eco-friendly, it produces Au MPs and AuNPs passivated by hydroxyl and carbonyl functional groupsand does not require further purification, making them produced Au NPs suitable for biomedical applications without any further processing step. This involves, first, the reduction of the Au precursor, followed by the stabilization and aggregation of colloidal NPsnanoparticles that occur in an alkaline medium containing α-D-glucose at ambient temperature. Two different methods are utilized to produce Au MPs and AuNPs. In aA two-step sonochemical (1st) method, is designed whereby all the reactants are added during the sonication to produce stable colloids AuNPs while the compared to a seed-mediated synthesis designsonochemical (2nd) method involves the pre-formation of where the Au nuclei are pre-formed priorwhich produce porous Au MPs of twinned gold nanospheres upon ultrasound irradiation to sonication. The seed-mediated route has proven to be suitable for the fabrication of Au MPs of controlled size as this remains poorly studied. Besides lowering the activation energy needed for metal reduction, our method enables the control over the growth conditions when renewable, cheap, eco-friendly and weak reducing agents, such as glucose, is exploited in nanoengineering.

Materials and Methods
Materials 
Gold tetrachloride trihydrate (HAuCl4·3H2O, 99%), α-D-glucose (C6H12O6, 99%), and sodium hydroxide (NaOH, 99%) were purchased from Sigma Aldrich (St. Louis, MI, USA), potassium iodide (KI, 99%) was purchased from Sigma Life Sciences (Oakville, ON, Canada) and used as received. Deionized water (DIW) (18 MΩ, 4.3 µS/cm, Millipore) was the solvent.
Equipment
All Au NP synthesis experiments were carried out in a Rosette cell reactor (Figure 1) by (Sonics and Materials, (Newton, CT, USA).

Figure 1. Rosette cell reactor adopted for the synthesis of Au NPs.
A Rosette cooling cell is used over a conventional beaker to achieve higher mixing efficiency provided by unique flow patterns through the reactor’s lateral loops (coils). During the sonication, the solution is circulated from the bottom to the top of the reaction vessel. Besides, the immersion in a cooling bath allows the exposure of a larger surface area of the reactor to the cooling medium, creating a more efficient heat exchange compared to a conventional beaker.

The ultrasound equipment (Sonics® & Materials, Inc., Newtown, CT, USA) included a 20 kHz Vibracell control panel operating at 130 W, a transducer (model CV18), fitted with a probe of 3 mm diameter tip (Figure 2). The ultrasound intensity was controlled by changing the amplitude. The energy density power density of the ultrasound processor with the 3 mm probe was calibrated with a K type thermocouple. The probe and thermocouple were dipped into DIW, and the temperature increase induced by sonication (for 9 min) was recorded to derive the energy density power density at 10, 15 and 20 mL following the calorimetric method [40].
The experiments were carried out with either continuous or intermittent ultrasound irradiation. In the intermittent experiments, the ultrasounds were on for 30 s and off for 59 s. The probe was maintained at 1 cm from the bottom of the Rosette cell. The energy density power density for the different experiments was calculated by dividing the total energy delivered (J) by the cumulative amount of time for which the probe was on, and the volume of the medium. Besides, t
The energy absorbed by the solution was determined by potassium iodide (KI) dosimetry [41]. 
An isotemp bath circulator (6200 R28, Fischer scientific, Pittsburg, PAennsylvaniaA, USA) maintained a temperature of 25 ± 1 °C during the sonochemical synthesis. pH values during the experiments were measured using Orion Star A214 pH/Ise Bench Top Meter (Thermo sScientific, manufactured in Indonesia) with a glass electrode.
Determination of the sonochemical activity in the Rosette cell
Experiments were conducted in a Rosette reactor and were compared to their counterparts carried out in a beaker of the same volume (30 mL), immersed in a thermostatic bath at 25 °C. Briefly, 1 mM potassium iodide (KI) was dissolved in 15 mL DI water. Ultrasound parameters optimized in the seed-mediated protocol were applied. The solutions were sampled after continuous or intermittent sonication for 30 min at regular intervals of 5 min. The I3− concentration is calculated using the Beer-Lambert law: A = εCl.
Seed-mediated sonochemical synthesis of Au NPs
[25][25]For this experiment, α-D-glucose and NaOH were used to synthesize Au NPs. The effects of glucose concentration, pH, the order of reagents addition and ultrasound irradiation time on the formation of Au NPs waswere investigated through a series of experiments (Tables 1 and 2).




Table 1. Seed-mediated synthesis of Au NPs

	
	
pH

	HAuCl4 (mM)
	NaOH (mM)
	C6H12O6 (mM) 
	

	12.6
12.6
12.6
	38
	9.9
	5

	
	63
	19.9
	7

	
	115
	39.9
	12





Table 2. Parameters (mixing sequence, sonication mode and sonication time) varied during the seed-mediated synthesis of Au NPs.

	Sample
	Mixing Sequence
	Sonication Mode
	Time
(min)
	λmax (nm)
	Abs. unit (a.u.)
	Au
(mg mL-1)

	NG-35-I
	NaOHC6H12O6
	30s on: 59s off 
	35
	276
	0.2053
	0.0605

	GN-30-I
	C6H12O6NaOH
	30s on: 59s off
	30
	274
	0.2030
	0.0601

	GN-30-I
	C6H12O6NaOH
	30s on: 59s off
	30
	276
	0.2014
	0.0598

	NG-40-I
	NaOHC6H12O6
	30s on: 59s off
	40
	278
	0.1931
	0.0582

	GN-40-I
	C6H12O6NaOH
	30s on: 59s off
	40
	276
	0.1900
	0.0576

	NG-30-C
	NaOHC6H12O6
	Continuous
	30
	272
	0.1829
	0.0562

	NG-40-I
	NaOHC6H12O6
	30s on: 59s off
	40
	276
	0.1751
	0.0547

	NG-40-C
	NaOHC6H12O6
	Continuous
	40
	276
	0.1511
	0.0501

	NG-30-I
	NaOHC6H12O6
	30s on: 59s off
	30
	276
	0.1431
	0.0485

	GN-30-C
	C6H12O6NaOH
	Continuous
	30
	272
	0.0149
	0.0476

	NG-30-C
	NaOHC6H12O6
	Continuous
	30
	276
	0.1212
	0.0443

	GN-40-C
	C6H12O6NaOH
	Continuous
	40
	274
	0.1209
	0.0442




Initially, the seed solution was prepared by mixing 10 mL aqueous solutions of 12.6 mM HAuCl4 with NaOH at 38 mM (pH 5), 63 mM (pH 7) and 115 mM (pH 12). Next, growth solutions containing 5 mL aqueous solutions of 12.6 mM HAuCl4 mixed with C6H12O6 concentrations of 9.9 mM, 19.9 mM, and 39.9 mM at pH 2 were prepared and the solutions were yellow in color. The seed solution turnedchanges color from yellow to transparent within 30 s with the rate of a color change rate depending on the added amount of NaOH. Mixing HAuCl4 with NaOH produces gold hydroxide (Au(OH)4−) (aq) and sodium chloride (NaCl) (aq). Then the seed solution (HAuCl4 and NaOH) and growth solution (HAuCl4 and C6H12O6) are mixed to obtain final pH values of 5, 7 and 12 (Figure 22). Following the combination of the seed and growth solutions, probe sonication was applied at a power output of 20 ± 1W and ultrasound energy density power density of 1.3 W mL-1 for 30 min resulting in the production of anisotropic Au NPsgold snakes at pH 7 and porous gold potatoes at pH 12 with the porosity and size depending on the sonication mode and time. 	Comment by Si Amar Dahoumane: Please check this!
Snakes??


Figure 22. Illustration of the synthesis of porous potato shaped Au NPs via the seed-mediated sonochemical process.

For the experimental design (Table 2), we focused on repeating our initial results obtained at pH 12 from the simple 32 factorial design (Table 1). This experimental design focused on screening the operatingonal and synthesis parameters that influenced the formation of precipitated porous potato shaped Au MPs particles. The effect of mixing sequence (NaOH then C6H12O6 and vice-versa), sonication time (30 min and 40 min with a mid-point of 35 min) and sonication mode (intermittent vs. continuous) on the NPnanoparticle size and morphology were explored at a constant power output of 20 ± 1 W corresponding to an ultrasound energy density power density of 1.3 W mL-1. Mixing the growth and seed solutions yielded a violet solution which, after sonication, became a clear suspension with browndark particles that precipitated at the bottom of the Rosette cell. For each treatment, the probe position was maintained at approximately ~1 cm from the bottom of the reactor. Furthermore, a total energy consumption of ~49,000 J was recorded for all the experimental runs. On the other hand, the difference in recorded total energy from the processor during intermittent orvs. continuous sonication was negligible.

Two-step sonochemical synthesis of Au NPs
Au NPs were synthesized following a two-step sonochemical process (Table 3).
Table 3. 2-step sonochemical synthesis of Au NPs.

	Sample
	HAuCl4 (mM)
	C6H12O6 (mM)
	NaOH (mM)
	Energy
(W mL-1)
	pH
	Outcome

	10 mL solution (A)
	4
	200
	0
	1.0 
	2
	No reduction

	20 mL solution (B)
	2
	100
	0
	0.5 
	2
	Au3+ reduction

	15 mL solution (C)
	8
	200
	6.6
	0.6 
	9
	Au(0)

	25 mL solution ex
	8
	200
	12
	0.4 
	12
	Au(0)




For this experiment, we initially followed the work ofby Zhang et al. [42] who used a 40 kHz ultrasonic processor to synthesize gold nanobelts (Au NB) using α-D-glucose as both the reducing and capping agents. During the first step, the probe sonication was continuously applied to aqueous solution-A containing 2 mM HAuCl4 and 100 mM C6H12O6 inside a Rosette cell reactor kept in a thermostatic water bath at 25 ± 1 °C. A digital thermometer in the reaction vessel during the sonication process recorded a temperature rise of 5 ± 1 °C. We observed no changes in the solution color or absorbance of this solution therefore we decided to increase the solvent volume thereby decreasing the concentrations of both the Au percussor and reducing agent; α-D-glucose. Solution-B was prepared by maintaining the same molar ratio of the reagents and ultrasound parameters as in solution-A; however, the DIW volume was increased to 20 mL. This process concluded the first step of the experiment. The power output was 10 ± 1 W for both solutions-A and 10 ± 1 W or solution-B, as recorded by the digital processor. However, Tthe energy density power density at an amplitude of 68% was 1.0 W mL-1 for solution-A and 0.5 W mL-1 for solution-B.
After 24 h storage at 4 °C, 5 mL of solution-A areis mixed with 5 mL of solution-B at pH 2, followed by direct probe sonication with an energy density power density of 1.1 W mL-1. The solution remained yellow and no color change or an appearance of an UV-vis absorbance peak were observed after 30 min in that case. For solution-C, a 10 mM solution of NaOH waswere added dropwise into the mixture of solution-A and Ssolution-B undergoing ultrasonic irradiation sonication with an energy density power density of 0.4 W mL-1 producing a violet color at a corresponding pH of 9. A maximum peak at 563 nm measured by UV-Vis confirmed the formation of Au NPs. Adding excess NaOH with an energy density power density of 0.6 W mL-1 changed the color of the suspension from violet to blue at pH 12, and the intensity of the corresponding UV-Vis peak decreased. The solvent volume, reaction time and power delivered from the probe resulted in the formation of Au NPs at pH 9 and potato-shaped gold particles at pH 12 (Figure 33).

  
Figure 33. Synthesis of porous Au NPsnanoparticles by a two-step sonochemical process.

Characterization of gold nanoparticles 
The produced Au NPs were characterized using UV-Visible absorption spectroscopy (Thermo Scientific Evolution 220 UV-Vis spectrophotometer, Madison, WI, USA) in quartz cuvettes with DIW as the blank. The morphology and the chemical nature of the produced NPs nanoparticles and presence of Au content were studiedas observed  using scanning electron microscope (TM3030Plus Hitachi Tabletop Microscope, Toronto, ON, CA; and JOEL JSM-7600F, Tokyo, Japan) and transmission electron microscope (JOEL 2100F, Tokyo, Japan). SEM-EDX images were performed at 15 KeV with solid samples cast on carbon grids. The adsorption of glucose moieties on the surface of the as-synthesized Au particles was confirmed using Fourier Ttransform Iinfra-red spectroscopy (Spectrum 65, Perkin Elmer, Woodsbridge, ON, CA).
Results and Discussion
Reactor Geometry
A Rosette cooling cell is used over a conventional beaker to achieve higher mixing efficiency provided by unique flow patterns through the reactor’s lateral loops (coils). During sonication, the solution is circulated from the bottom to the top of the reaction vessel. Besides, the immersion in a cooling bath allows the exposure of a larger surface area of the reactor to the cooling medium, creating a more efficient heat exchange compared to a conventional beaker.
For instance, prior research showed that higher solubilization efficiency of single-walled carbon nanotubes (SWNT) was achieved via sonication using a Rosette cell due to better mixing efficiency [55]. The solubilization of SWNT was further aided by the improved cavitation process given the sudden increase in flow rate as the suspension is carried through the orifices of the reactor’s lateral loops, generating a Venturi effect and hydrodynamic cavitation bubbles. Likewise, the use of a Rosette cell was found to be more effective in reducing the particle size of sodium-exchanged vermiculite due to the additional hydrodynamic cavitation [56]. Intermittent pulse sonication is favored in this case to slow the rate of temperature increase in the suspension from the resulting cavitation process, thereby avoiding undesired side-effects [57]. A Rosette cell reactor increased the yield by 90% in a transesterification process to produce biodiesel when compared to a round-bottom glass flask; this geometry favors hydrodynamic cavitation which usually occurs in small orifices, herein under the form of the reactor loops. Indeed, the loops would help dissipate faster the heat delivered by ultrasound, thus limiting the temperature rise and keeping more gas nuclei dissolved [58].
Effect of HAuCl4 concentration under continuous ultrasonic irradiation
In general, direct probe sonication in aqueous media results in the generation of highly reactive species due to localized high temperature and pressure which participate in the production of nanostructured materials [59]. In the seed-mediated protocol, we modified the operatingonal procedure by using a 20 kHz ultrasound processor instead of 40 kHz and the  HAuCl4 concentrationprecursor was diluted 100 times when compared to the Au precursor concentration used by Zhang et al. [42]. In our case, a mixture of C6H12O6 at fixed HAuCl4 concentration did not yield Au NPs in the absence of the NaOH-containing seed solution containing NaOH. The addition of NaOH during the sonication process resulted in colloidal Au NPs after aging like our results in the two-step synthesis route.
In the two-step protocol, when aqueous Au(III) precursor solutions containing α-D-glucose were sonicated in a NaOH-free medium for 90 min, the reduction of Au(III) to Au(0) did not occur. For instance, solution A, containing 4 mM HAuCl4 showed no visible color change and no SPR peak (Figure 44A). However, a decrease in the Au(III) absorbance intensity of Au(III) is recorded occurred in solution-B containing 2 mM HAuCl4 after 90 min of direct sonication; this might be due to the hydrolysis of HAuCl4 (Figure 44B). The reduction in peak intensity for the diluted solution-B can be attributed to the thermal dissociation of water molecules producing H• and OH• radicals which participate in the substraction of a proton from the Au precursor. In addition, methyl groups resulting from the thermal decomposition of glucose molecules in the reaction medium could result intrigger the removal of a proton thereby reducing the Au precursor concentration [43].
Solvent volume is an important parameter to establish the sonochemical efficiency of irradiated solutions. This is reflected in the reduced peak intensity observed for the 20 mL solution (Figure 44B) which remains unaffected in the 10 mL solution (Figure 44A) even after prolonged sonication. It is possible that, in low solvent volume, the generation of H• and OH• radicals from direct probe sonication is lower due to a high concentration of the solutes. In this scenario, less gas nuclei are dissolved in the system which lowers the sonochemical activity.  Fan et al. observed that the acoustic intensity increased gradually with increasing media height at frequencies of 25, 45, 80 and 130 kHz. Accordingly, when the volume of the medium is too small, the acoustic energy dissipates into the air. However, when the volume of the medium is too large, the energy density is widely scattered [27]. Therefore, optimal solvent volume is beneficial towards radical production which then assists in the reduction of the Au precursor. In a 37 kHz ultrasound bath,  the amoxicillin the degradation of amoxicillin by waste sludge catalyst was dependent on its the concentration of amoxicillin. Similar to our experiments, a decrease in absorbance peak was only observed for solutions with lower Au precursor concentrations of the Au precursor at increased volume. Since no  absorbance change was observed after 90 min in the concentrated solution (10 mL), the dilution of the solution allows an increase in energy dissipation across the system aiding in the reduction of the gold precursor (HAuCl4).. 
Mixing 5 mL of solution-A with 5 mL of solution-B under direct probe sonication producedcaused no visible changes to the color of the solution nor to the absorbance spectra. However, changincreasing the pH of the solution from 2 to 9 by adding NaOH turnedchanged the solution color from yellow to violet accompanied by the appearance of an SPR peak at 556 nm indicating the formation of colloidal Au NPs. The concentration of hydroxyl groups increases owing to the dissolution of NaOH leading to an increase of the sonochemical activity. Consequently, the features of the Au NPs evolve dramatically whereby at pH 9 three-dimensional (3-D) Au NPs are formed (Figure 44D). Excess of added NaOH  added under sonication precipitated submicronic  Au MPsparticles at pH 12. This (Figure 4E) resulteding in the disappearance of the SPR peak observed at 563 nm and a color change from violet to blue (Figure 44EC). Previous studies in a 50 kHz ultrasound bath using electron spin trapping technique to determine radicals formed during ultrasonication showed that, at low concentrations of non-volatile solutes (e.g., C6H12O6), H• and OH• radicals are produced because of water sonolysis. On the other hand, solute pyrolysis leads to the formation of methyl radicals due to its thermal decomposition at sufficiently high concentrations [43].
 
 
Figure 44. UV-Vis absorption spectra of continuously sonicated solutions of Au NPs: (A) 4 mM HAuCl4 and 200 mM α-D-glucose; (B) 2 mM HAuCl4 and 100 mM α-D-glucose; (C) Au NPs synthesized via the two-step sonochemical method with addition of NaOH; (D) SEM of Au NPs synthesized at pH 9; and (E) SEM of Au NPs synthesized at pH 12. Scale bar: 100 nm.




Effect of C6H12O6 concentration under continuous ultrasonic irradiation
[bookmark: _Hlk67821848]In the two-step synthesis protocol, the effect of C6H12O6 concentration on the ultrasonic-mediated reduction of HAuCl4 in NaOH-free reaction medium was investigated. Initially, ; the glucose concentrations were the effect of glucose was not evident at low solvent volume. 100 mM and 200 mM at corresponding HAuCl4 concentrations of 2 mM and 4 mM. In the absence of NaOH, there was no SPR peak observed, or visual color change noticed that would indicate the formation of Au NPs. However, increased solvent volumes at 0.5 W mL-1 aftert 90 min of ultrasonic irradiation, there is a noticeableresulted in a decrease in the peak absorbance intensity for the solution containing 2 mM HAuCl4 mixed with 100 mM C6H12O6.  2 mM HAuCl4 mixed with 100 mM C6H12O6 at an energy density of 0.5 W mL-1 (Figure 4B). This is ascribed to the chemical effect of the ultrasonic irradiation whereby the thermal dissociation of water and decomposition of glucose from cavitation leads to the production of OH• and H• radicals, which take part in the reduction of the Au precursor. This is in good agreement with published dataprevious scientific reports. For instance, the work by Kondo et al. that explored the radical formation in a 50 kHz ultrasound bath in aqueous solutions using a spin trapping method and showed that glucose concentrations above 0.2 M produced methyl (-CH3•) reducing radicals due to pyrolysis [43]. Using a 200 kHz ultrasonic generator, Okitsu et al. showedevidenced that methyl radicals rather than aldehydes were responsible for the reduction of the Au precursor in an inert atmosphere [44]. Accordingly, it was reported that ultrasound frequency between 20-80 kHz can oxidize carbohydrates, such as glucose, in the presence of oxidants [45]. These results indicate that C6H12O6, by itself, does not reduce Au ions under low frequency ultrasound. Furthermore, control experiments using heat did not result in Au NP formation.
Via the seed-mediated protocol, for a HAuCl4 concentration of 12.6 mM and in the absence of NaOH, increasing C6H12O6 concentration of 10-40 mM did not bring changes to the reaction mixture, not result in any Au NP production. Furthermore, the addition of 36.6 mM NaOH (pH 5) did not induce any color change. However, at NaOH concentration of 61.6 mM (pH 7), increasing concentrations of C6H12O6 led to a visible color change from yellow to orange at 10 mM and from yellow to blue at 20 mM and 40 mM. indicating that a suitable activation energy was required before glucose could reduce the Au ions in solution. C6H12O6 does not seem to possess any reducing property by itself as no significant reduction of HAuCl4 was observed in the experiments at pH values below 7 while there is a possibility that it decomposes at higher pH under ultrasonic irradiation. El’piner and Sinclair described the decomposition of glucose in an alkaline medium under heat as a thermal effect comparable to the ultrasonic effect. The decomposition products resulting from thermal and ultrasonic processes had absorption maxima in the UV range [46].
Although a visible color change in the solution above pH 7 was noticedobserved, no SPR peak was initially recordedobserved initially. However, after aging, there was a visiblen observable SPR peak that right red-shifted and increased in intensity with increasing glucose concentration, suggesting that increased glucose concentration promotes Au reductio a possible synergy between glucose reduction and pH of the medium (Figure 5). At a concentration of 10 mM C6H12O6, SEM shows anisotropic shapes for the suspension (Figure 5A) and the precipitate (Figure 5B) while, at  20 mM C6H12O6 (Figure 5C) and 40 mM C6H12O6 (Figure 5D), it displays precipitated and agglomerated Au NPs that have lost the anisotropic structures observed at lower C6H12O6 concentrations.n and subsequent particle growth (Figure 5A). At a concentration of 10 mM C6H12O6, SEM images showed anisotropic Au NPs for both the suspension and precipitate (Figure 5B & 5C) while concentrations corresponding to 20 mM and 40 mM C6H12O6 precipitated Au NP agglomerates (Figure 5D & 5E). C6H12O6 does not seem to possess any reducing property by itself as no significant reduction of HAuCl4 was observed in the experiments at pH values below 7 while it decomposes at higher pH and under ultrasonic irradiation. El’piner and Sinclair described the decomposition of glucose in an alkaline medium under heat as a thermal effect comparable to the ultrasonic effect. The decomposition products resulting from thermal and ultrasonic processes had absorption maximums in the UV range [30].





Figure 55. UV-Vis spectra and corresponding SEM-FEG micrographs and high Magnification SEM of Au NPs formed at pH 7 and (A & B) 10 mM C6H12O6 concentration (scale bar 1 and 10 m, respectively); (A) Au colloid at (C) 120 mM C6H12O6 concentration (scale bar: 10 m); and (D)and precipitated Au NPs at (B) 10 mM; (C) 20 mM; and (D) 40 mM C6H12O6 concentration (scale bar: 10 m). C6H12O6 concentrations.





The efficiency of C6H12O6 to produce reducing methyl radicals towards Au reduction and to act as a capping agent was verified in a separate experiment in an aqueous solution containing 200 mM C6H12O6, 7.5 mM NaOH and 2 mM HAuCl4. This experiment designed with optimized concentrations of precursor and reducing agents was conducted under continuous ultrasonic irradiation and compared to a conventional chemical synthesis route (Figure 6A). Evidently, the combination of high C6H12O6 and low Au precursor concentrations produced significantly stable Au NPs (up to 1 month at room temperature). It is noteworthy that these sets of experiments produced stable Au NPs with or without ultrasound at pH 7 and a low Au precursor. In this respect, there was a significant difference between the observed colors and recorded absorption spectra between the ultrasonic irradiated solution vs. the conventional synthesis (Figure 6A). The Au colloids produced via the chemical synthesis route had a visible red color with an absorbance at 520 nm for the synthesis without heat (Ca) which red-shifted to 527 nm when heating was applied (Cb). On the other hand, Au colloids produced when NaOH was added during ultrasound irradiation (USa) had a visible violet color and an absorbance at 532 nm which decreased in intensity when the reactants where pre-mixed prior to ultrasound irradiation (USb). These results corroborate our initial deduction that a molar ratio of Au precursor to C6H12O6 (1:50), high solution volume and pH value between 7 and 9 are required to reduce and stabilize Au NPs when working at a lower ultrasonic frequency (20 kHz). C6H12O6 itself is a weak reducing agent and low frequency ultrasound (20 kHz) requires longer sonication times to oxidize C6H12O6 producing methyl radical’s that go on to reduce the Au precursor. The addition of NaOH during ultrasonic treatment resulted in a slightly red-shifted SPR peak indicating an increase in nanoparticle size. When the reagents were mixed prior to ultrasound application, the SPR peak had a low absorbance with broad SPR peak indicating polydispersity and agglomeration.
The efficiency of C6H12O6 to generate reducing methyl radicals towards Au reduction and to act as a capping agent was verified in a separate experiment in an aqueous solution containing 200 mM C6H12O6, 7.5 mM NaOH and 2 mM HAuCl4. This experiment designed with optimized concentrations of precursor and reducing agent was conducted under continuous ultrasonic irradiation and compared to a conventional chemical synthesis route (Figure 6A). Evidently, the combination of high C6H12O6 and low Au precursor concentrations produced significantly stable Au NPs (up to 1 month at room temperature). It is noteworthy that these sets of experiments produced stable Au NPs with or without ultrasound at pH 7 and a low Au precursor. In this respect, there was a significant difference between the observed colors and recorded absorption spectra of the ultrasonic irradiated solution vs. the conventional synthesis (Figure 6A). The Au colloids produced via the chemical synthesis route had a red color with an SPR maximum located at 520 nm for the synthesis without heat (Ca) which red-shifted to 527 nm when heating was applied (Cb). On the other hand, Au colloids produced when NaOH was added during ultrasound irradiation (USa) had a violet color and an SPR maximum located at 532 nm which decreased in intensity when the reagents were pre-mixed prior to ultrasound irradiation (USb). These results corroborate our initial deduction that a molar ratio of Au precursor to C6H12O6 (1:50), high solution volume and pH values between 7 and 9 are required to reduce and stabilize Au NPs when working at a low ultrasonic frequency (20 kHz). As C6H12O6 is a weak reducing agent, low frequency ultrasound (20 kHz) requires longer sonication times to oxidize C6H12O6 and generate methyl radicals that reduce the Au precursor. The addition of NaOH during ultrasonic treatment resulted in a slightly red-shifted SPR peak indicating an increase in NP size. When the reagents were mixed prior to ultrasound irradiation, the SPR peak had a weak absorbance and a broad peak indicating polydispersity and agglomeration. 
Adding NaOH under either ultrasound irradiation or stirring improved the stability of the formed Au NPs compared to samples where NaOH had been previously added; this was based on visual observation of samples stored at 4 °C for 1 week. 
The  C6H12O6 capping of Au NPs was confirmed by FTIR measurement (Figure 6B). FT-IR measurements for Au MPS and Au NPs samples showed the presence of a polar covalent bond between carbon, oxygen, and carbonyl functional groups, with the carbonyl groups ascribed to the glucose molecule. The strong absorption band of the –OH group observed at 3320 cm-1 was attributed to O-H stretching of intermolecular bonding of alcohol stemming from adsorbed OH groups on the surface of Au particles. The characteristic C=O group at 1636 cm-1 was attributed to the formation of an acetal group from the oxidation of the anomeric carbon of C6H12O6 molecules. The absorption bands at 1030 cm-1 (solid C6H12O6) and 1089 cm-1 (Au MPs) were attributed to the C-O stretch from the oxidized primary alcohol group of C6H12O6. 

Figure 6. (A) Comparison between different synthesis routes (Conventional and US) [Ca = Conventional synthesis with 75 mM NaOH added during stirring at 40 °C; Cb = Conventional synthesis with 75 mM NaOH added before stirring at 40 °C; USa = Ultrasound-assisted synthesis with 75 mM NaOH added under irradiation at 20 °C; USb = Ultrasound-assisted synthesis with 75 mM NaOH added before the synthesis at 20 °C; (B) FTIR analysis of synthesized Au NPs with glucose as a capping agent at pH 7.Adding NaOH under either ultrasound irradiation or stirring improved the stability of the formed Au NPs compared to samples whereby NaOH was added before; this was based on visual observation of samples stored at 4 °C after 1 week. The capping of C6H12O6 on Au NPs was confirmed by FTIR measurement (Figure 6B). FT-IR measurements for the sedimented (potato-shaped Au particles) and colloidal (Au NPs) samples showed the presence of a polar covalent bond between carbon, oxygen, and carbonyl functional groups, with the carbonyl groups ascribed to the glucose molecule. The strong absorption band of the –OH group observed at 3320 cm-1 was attributed to O-H stretching of intermolecular bonding of alcohol stemming from the adsorption of OH groups on surface capping the gold particles. The characteristic C=O group at 1636 cm-1 was attributed to the formation of an acetal group from the oxidation of the anomeric carbon of C6H12O6 molecules. The absorption bands at 1030 cm-1 (solid C6H12O6) and 1089 cm-1 (Au potatoes) were attributed to the C-O stretch from the oxidized primary alcohol group of C6H12O6. 



Figure 6. (A) Comparison between different synthesis routes (Conventional and US) [Ca = Conventional synthesis with 75 mM NaOH added during stirring at 40 °C; Cb = Conventional synthesis with 75 mM NaOH added before stirring at 40 °C; USa = Ultrasound-assisted synthesis with 75 mM NaOH added under irradiation at 20 °C; USb = Ultrasound-assisted synthesis with 75 mM NaOH added before the synthesis at 20 °C; (B) FTIR analysis of synthesized Au NPs with glucose as a capping agent at pH 7.
Effect of pH
In the present study, NaOH was the only contributing factor that could affect the pH of the reaction medium Au NPs. The addition of C6H12O6 to Au3+ stock solution did not affect its pH 2 or color; besides, there was no impact on its UV-Vis absorption features. The addition of NaOH hydrolyzes HAuCl4 causing changes to the pH by substituting the Cl-− groups with OH− groups, as follows (Eq. 1) [23]:
AuCl4− + 4 OH− → Au(OH)4− + 4 Cl− (Eq. 1)
In the two-step sonochemical synthesis, the mixture of Au precursor and C6H12O6 undergoing sonication produced uniform Au NPs at pH 9 with a dumbbell morphology (Figure 4D) whereas, at pH 12, the Au NPs were larger and non-uniform in shape which could indicate further reduction of small gold particles in solution and/or their aggregation due to glucose oxidation (Figure 4E). This is in good agreement with the work done by Okitsu et al. who showed that the optical properties of sonochemically produced Au NPs depended on the reaction medium pH [31].
At 39.9 mM C6H12O6 and 63.3 mM NaOH corresponding to pH 7, Au(III) was reduced to Au(0), which was confirmed by a color change from yellow to violet and a characteristic UV-Vis absorption band at 538 nm and 546 nm after aging. Increasing C6H12O6 concentrations of 10 mM, 20 mM and 40 mM undergoing ultrasonic irradiation for 30 min did not produce any changes to the SPR peak and the color of the solution remained the same at pH 5. However, at pH 7 achieved by adding 63.3 mM NaOH, the color of the solution changed gradually from yellow to orange at 10 mM glucose concentration and deep blue at 20 and 40 mM C6H12O6 concentrations. Our findings corroborate previous reports that highlight the critical role played by NaOH in the formation of Au NPs. At pH 12, a mixture of 12.6 mM HAuCl4 and 40 mM C6H12O6 produced a the color was violet suspension prior to ultrasonic irradiation andthat evolved to brown after the irradiation due to the aggregation and sedimentation of size growing particles. This destabilization of the suspension through ultrasound mechanochemical effects. This further confirmsimplies that that there is an optimal pH required for the formation of stable Au NPs using α-D-glucose as the reducing and capping agent at 20 kHz (Eq. 2).
	Au(OH)4− + C6H12O6 → Aucolloid (Eq. 2)

Increasing the NaOH amount of NaOH dramatically impacted the morphology of the obtained Au NPs. At pH 5, the Au NPs were one-dimensional nanowires mixed with thin plates (Figure 77A); by increasing the pH to 7, the obtained colloidal particles were spherical (Figure 7 7B) and further increase to pH 12 resulted in the agglomeration of the produced Au NPs into ellipsoidal shaped nanostructures (Figure 7 7C). Adding NaOH activates the C6H12O6 molecules and alters the physiochemical properties of the sonicated medium and formed nanomaterials. NaOH increases the alkalinity of the solution, thereby activating the C6H12O6 molecules through a process similar to the breakdown of sugar molecules in alkaline environment [32]. On the other hand, at pH 5 and Au precursor concentration of 12.6 mM, the reducing ability of C6H12O6 is insufficient to produce stable Au NPs under ultrasound sonication. Overall, the formation and stabilitymorphology of the Au NPs can be tuned by optimizing the pH of the solution and ultrasound parameters. In the synthesis of gold nanobelts, Zhang et al. did not change the pH, however we found that the addingtion of NaOH created a suitable pH rangeenvironment for the formation of Au NPs and, consequently, the morphology and optical properties were influenced by the pH and the ultrasound parameter. evolution of their morphology and optical properties.
[image: ]

Figure 77. SEM micrographs of sonochemically produced Au NPs at 12.6 mM Au precursor and 9.9 mM glucose at different pH values: A: pH 5(A); B: pH 7(B); and Au MPs at C: pH 12 (C).


Effect of ultrasound operating parameters
Building on the results of the seed-mediated procedure, the process and synthesis parameters were screened to determine their effects on formed Au particles HAuCl4 particles formed. Specifically, the sequence of the growth solution (aqueous solution of glucose and Au precursor at pH 2) and seed solution (aqueous solution containing NaOH and Au precursor at pH 12) waswere varied,  (N to G and vice versa; NaOH to C6H12O6 and vice-versa), reaction times were set at 30, 35 and 40 min, and sonication mode was either continuous or intermittent to let the mixture cool (30 s on / 59 s off)). The pH was fixed at 12 and the sonication time reduced to evaluate the effect of shorter sonication times on the nanoparticle size and shape. The Pprobe position was maintained at 1 cm from the bottom of the Rosette vessel while the acoustic intensity, as obtained from calorimetry, was 1.3 W mL-1.  For the experimental runs, the power output as obtained from the processor was 21 ± 1 W at 100% amplitude. During ultrasonic irradiation, the acoustic cavitation gives rise toresults in the generation of hydroxyl (OH•) and methyl (CH3•) radicals fromowing to the sonolysis of water and pyrolysis of glucose. Acoustic mixing arises from changes in pressure and temperature in the liquid medium, leading to uniform shear rates and improved chemical reaction rates [36]. According to Wood et al., pulsed wave ultrasound increases the sonochemical active region, the amount of sonochemistry and associated degassing [33]. The concentration of unreduced Au precursor based on absorption intensity at 275 nm is lower in the case of continuous sonication mode, indicating a significant effect on the overall conversion at 30, 35 and 40 min, irrespective of reagent addition method (Figure S1re 8A)). In UV-Vis spectroscopy, the carbonyl group from glucose oxidation (C=O) absorbs ultraviolet light ~280 nm. Cubilana et al. evaluated the effect of ultrasound power on the concentration of Au NPs and observed that increasing intensity of the UV-Vis absorption spectra correlate with an increase in the Au NP concentration [47].  Based on our results, the peak intensity at 275 nm is higher for intermittent sonication compared to continuous sonication, highlighting the advantage of intermittent sonication towards Au potatoes yieldthis difference is correlated to the efficiency of intermittent sonication towards the reduction of Au ions compared to continuous sonication (Figure 88A). 	Comment by Si Amar Dahoumane: The increase of what?	Comment by Endy Usen: Increases the zones of sonochemical acitivity.
The XRD peaks of the synthesized nanoparticles could be indexed to polycrystalline metallic gold crystallizing in the face-centered cubic (fcc) cell lattice (JCPDS: 04-0784). XRD analysis revealed four dominant peaks corresponding to (111), (200), (220) and (311) planes observed at angles located between 30° to 80° (Figure 88B) corresponding to the Bragg reflections obtained for metallic gold fcc crystal structure. Furthermore, the Au NPs crystallite size calculated using Scherrer equation were determined to be 16.4 nm and 17.8 nm for intermittent and continuously sonicated Au NPs, respectively, regardless of the sonication time. The Au (111) plane which is the dominant peak is identified as the most stable structure with preferential adsorption forof Ssulfur and Nnitrogen functional groups, which makinges the as-synthesized Au NPs suitable for biomolecule attachment to biomolecules [48]. Similarly, Au NBs produced by Zhang et al. were preferentially grown along the Au (111) direction based on analysis of selected area electron diffraction (SAED) patterns [42].



Figure 88. (A) UV-Vis absorption spectra for Intermittent pulse (I) and cContinuous (C) pulse irradiatinged AuCl4-OH; (B) X-ray diffraction pattern of polycrystalline fcc Au NPs.	Comment by Si Amar Dahoumane: What is this?	Comment by Endy Usen: The peak at 275 is indicative of Au ions bonded to hydroxyl groups.

The effect of sonication time was evident from SEM analysis of the Au MNPs. When the Au NPs prepared by the seed-mediated protocol were sonicated for 3040, 35 and 40 min, large porous potato shaped Au microparticlesNPs were obtained, as observed from TEM (Figure S29). The pore size is equivalent to 200 nm and the internal structure shows protruding particles of Au NP layered on preceding particles. At 40 min, large porous ,particles are formed while while Au NPs sonicated at 30 min produced smaller potato- shaped Au NPsstructures (Figure 99). From high-resolution SEM and low-resolution SEM obtained using a back scatter detector (BSE), we observed that 30 min sonication produced microporous Au particles with more pore openings compared to Au NPssamples subjected to sonication forobtained after 40 min of sonication. The characterization of the microstructure usingAt high resolutionmagnification FEG-SEM shows that, intermittent sonication produced layered particles with wider diameter openings for the agglomerated particles while particles with smooth surface and smaller diameter openings were obtained via the continuous sonication (Figure 10).
 	





Figure 99. SEM micrographs of Au NPs obtained from the seed-mediated protocol; GN (Glucose added to NaOH), NG (NaOH added to Glucose); 30, 35 and 40 min (sonication time); C and I (Continuous or Intermittent pulse sonication mode).


Figure 1010. FEG-SEM micrographs of Au NPs obtained from the seed-mediated protocol; effect of sonication mode at 35 and 40 min. GN (Glucose added to NaOH), NG (NaOH added to Glucose); 30, 35 and 40 min (sonication time); C and I (Continuous or Intermittent pulse sonication mode).

Chemical effect of ultrasound on radical generation
Iodometry experiments were carried out to determine the sonochemical activity in the Rosette cell for the low frequency ultrasound efficiency towards the generation of OH• radicals, which play a critical role in the reduction of HAuCl4 and the subsequent Au NP synthesis. When 1 mM potassium iodide (KI) is sonicated, the generated reactive radicals oxidize the iodide ion (I−) to give iodine (I2−) (Eq. 3 & 4). This I2− reacts with the excess iodide ion (I−) to form tri-iodide ion (I3−) (Eq. 57). The amount of generated OH• radicals is determined by doubling the yield of I3− which corresponds to the amount of H2O2 measured using its absorbance at 350 nm (ε = 26,303 L mol-1 cm-1). The reactions occurring during the KI sonication are:

				(Eq. 3)
					(Eq. 4)
				(Eq. 5)
		(Eq. 6)
					(Eq. 7)

The generation of OH• radicals increased linearly with sonication time. However, the number of generated radicals was higher in the beaker under either continuous or intermittent pulse sonication compared to the Rosette cell (Figure 1111A). During the initial sonication using the beaker, the amount of OH• radicals increased and then started to decrease after 20 min, indicating that there is an optimum time for radical generation which may be due to a decrease in dissolved gases in the system. Since the solution volume was the same (15 mL) and the supplied power was constant (20 W), the increase in OH• radicals in the beaker compared to the Rosette cell is likely due to the difference in geometry. Another hypothesis could have to do withmay lie in the fact that the liquid burst around the loops in the Rosette cell might have destroyed some bubble nuclei and/or facilitated their migration to the surface of the liquid to finally evaporate. Interestingly, when the probe position was set at 1 cm from the bottom of the Rosette cell, the hydroxyl absorbance which is related to the hydroxyl concentration was 0.266. However, when the probe position was placed at 3.5 cm from the bottom of the Rosette cell, the absorbance value was 0.285. This shows the influence of the probe position in the Rosette cell ontowards the generation of OH• radicals. In the Rosette cell, intermittent sonication produced more radicals compared to continuous sonication (Figure 1111B), which is the reverse of sonicated samples in a beaker. Intermittent pulse sonication lowers the temperature in the reactor during the off cycle, promoting the presence of dissolved gases necessary for the sonochemical activity. 
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Figure 1111. [OH•] yield in a Rosette cell and a beaker obtained from Weissler method at 20 kHz as a function of sonication time at a fixed power of 20 W.: (A) OH• radical generation comparing a Rosette cell and a beaker; and (B) OH• radical generation comparing intermittent vs. continuous sonication in a Rosette cell.

Physical effect of ultrasound on Au NPs agglomeration
The physical effects of ultrasound irradiation arise from transient cavitation dominating at lower ultrasound frequency (20 kHz) [66]. Transient cavitation is a type of bubble growth with enough energy to overcome the resistance of gas it may contain, leading to intense shock waves and microjets, which can break down large aggregates and facilitate the mixing of components in a medium [67]. Under the seed-mediated protocol, Au NPs were produced before sonication or conventional stirring was applied (Figure 1212AA). Ultrasound irradiation efficiently reducedminimized Au NPs agglomerates through intense pressures generated from the cavitation process. Accordingly, Stucchi et al. and Boffito et al. reported that the sonication reduces particle size thereby increasing surface area and porosity [49]. When the seed-mediated protocol was performed under conventional stirring, the obtained Au NPs produced formed large agglomerates (Figure 1212B). However, withunder ultrasound irradiation, the aggregated Au NPs were dispersed as submicronic aggregates (Figure 12C). In the two-step protocol, the action of ultrasonic irradiation at 100% amplitude (1.3 W mL-1) led to the generation of Au NP agglomerates interconnected by a network of pores. The difference in absorbance between intermittent sonication and continuous sonication was negligible. Besides, It observed that the promotion of hydroxyl radicals increasesd with high ultrasonic power and in the presence of small particles by quantifying the radical formation using organics, such as of trimethyl glycol and propylene glycol in the presence of silica particles [26]. Therefore, we infer that the reduction in pore size at 40 mins compared to 30 mins sonication could be as a result of further reduction of Au NPs on the surface by hydroxyl radicals generated during the extended synthesis time.  In addition, high power can oxidize carbohydrates, such as glucose, which weas observed using from FT-IR of Au NP compared to the colloidal Au NPs (Figure 6B). Sandrine et al. exploited the sonophysical and sonochemical effects of ultrasounds to provide medium homogeneity and chemical activation of glucose and sucrose [45]. In the absence of a catalyst, 96% of D-glucose were oxidized to glucuronic acid after 4 h using a 550 kHz ultrasound processor. The oxidation of glucose was confirmed with FT-IR by the presence of a carbonyl group (C=O) band at 1723 cm−1 [50].
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Figure 1212. Au NPs before the application of ultrasound or conventional stirring (A); agglomerated Au NPs obtained by mechanical stirring (B); and aggregated Au NPs after ultrasound irradiation (C).

Conclusion
Our results offer a novel perspective forwith respect to the synthesis of Au NPs usingassisted by ultrasound irradiation. The present study aimed to expand the synthesis of Au NPs by examining the effects of different parameters, such as the order of reagent addition, sonication mode and, time, variation of glucose concentration and the effects of different pH, towardson the sonochemical formation of Au NPs withusing a 20 kHz ultrasound processor in a Rosette cell.
The main outcomes of this work are: (1) high concentrations of glucose are necessary to achieve significant particle density and stability; (12) high solvent volumes and low precursor concentrations are necessary to achieve the reduction of Au precursor when using ultrasound; (23) high concentrations of Au precursor in alkali environment result in the precipitation of large Au NPs; and (34) changes in pH of the reaction medium significantly affect the size and aggregationstability of obtained Au NPs. A high pH, especially above 9, corresponded to a significant redshift in the UV-Vis absorbance peakwavelength, indicating that large porous particles formed from aggregateds of nanowires. Moreover, the yield of the synthesis is affected by the different sonication approaches. Unambiguously, the results supported that sonication throughout the mixing process rather than only after all solutions are combined has the strongest effect in terms of optical density and hence Au NP yield. Furthermore, Tthe reduction of aggregates by ultrasound shockwaves and microjets demonstrates the feasibility of our approachformation of pores in the microstructure advocates for the use of low frequency ultrasounds in the synthesis of Au NPs as these make them suitable for encapsulation/attachment of biomolecules of interest and advances the use of low frequency ultrasonication in the synthesis of Au NPs. Finally, our results offer an early perspective on analyzing the efficiency of different mixing methodologies in obtaining Au NPs of desired features. Our preliminary findings pave the way for the extensive comprehension of the physico-chemical phenomena occurring during the synthesis of valuable metallic nanomaterials via sonochemistry.
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