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Abstract: 22 

This study develops and evaluates a spray-dried formulation of Bacillus thuringiensis subsp. kurstaki 23 

(Btk) strain Lip, linking upstream fermentation dynamics to downstream formulation performance 24 

and biological efficacy. Specific aims are: (i) resolve the growth–sporulation trajectory using 25 

controlled physico-chemical parameters and off-gas monitoring and relate these dynamics to spore 26 

and protein production; (ii) characterize the spray-dried materials; and (iii) evaluate laboratory bio-27 

efficacy across multiple lepidopteran pests relative to the commercial benchmark Delfin®. 28 

Btk Lip was produced by submerged fermentation on a wheat-bran by-product medium under 29 

controlled operating conditions and converted to a spray-dried formulation (Lip-F) designed to 30 

enhance application performance and resistance to sunlight degradation, and as a unformulated dried 31 

material (Lip-U) that will serve as a control and a baseline for following experiments. Across four 32 

fermentations (72 h/batch), off-gas and pO2 profiles were reproducible and coincided with rapid 33 

sporulation (9.0–10.0 log10 CFU/mL) and protein accumulation (1.4–1.5 mg/mL). Quality control 34 

showed preserved Cry profiles (130 and 60–65 kDa) and comparable Cry densitometry to Delfin® 35 

(5.0 ±1.0 vs 4.1 ±0.5 mg/g), with higher total protein in Lip-F (104 ±15 vs 61 ±13 mg/g). Bioassays 36 

across pests showed efficacy comparable to Delfin®, with higher potency against Ostrinia nubilalis 37 

(LC50 ratio 2.3; p=0.03). Sunlight exposure improved stability, Lip-F retained 30 ±6% CFU vs 1.85 38 

±1.18% (Lip-U), preserved Cry integrity, and maintained Spodoptera frugiperda killing (Odds Ratio 39 

0.217 vs 0.0386). 40 

Overall, these results demonstrate that integrating controlled fermentation with spray-drying enables 41 

the development of more stable and effective Bt-based formulations with strong potential for 42 

improved field performances. 43 

 44 

Keywords:  Bacillus thuringiensis subp. kurstaki Lip, median lethal concentration, morphological 45 

characterisation, formulation stability, sunlight stress.   46 
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1 Introduction  48 

The increasing global demand for environmentally safer, and more sustainable pest control strategies 49 

has intensified interest in biopesticides as alternatives to conventional chemical insecticides ⁠

1. 50 

Growing concerns related to environmental contamination, resistance development, and regulatory 51 

constraints have accelerated the integration of biological control agents into modern integrated pest 52 

management (IPM) programs. Within this context, microbial plant protection products have gained 53 

relevance due to their target specificity, compatibility with IPM principles, and favourable safety 54 

profiles. 55 

Among those biocontrol agents, Bacillus thuringiensis (Bt) represents the most widely used, and 56 

commercially successful example, with more than half a century of large-scale agricultural 57 

application. Bt is a Gram-positive, spore-forming bacterium that produces parasporal crystalline 58 

inclusions during sporulation. These inclusions are composed primarily of insecticidal crystal (Cry) 59 

proteins, which constitute the main bioactive component of Bt-based products2. Upon ingestion by 60 

susceptible insects, Cry proteins are solubilized, and proteolytically activated in the alkaline 61 

environment of the larval midgut. Activated toxins bind to specific epithelial receptors, form pores in 62 

the gut membrane, and ultimately induce osmotic lysis , and insect death ⁠

2. This highly specific mode 63 

of action underlies the strong selectivity, and favourable toxicological profile of Bt formulations. 64 

Amid the various Bt subspecies, Bacillus thuringiensis subsp. kurstaki (Btk) is the most applied due 65 

to its efficacy against a wide range of lepidopteran pests. Btk-based products used to control 66 

economically important species such as Spodoptera frugiperda (J.E. Smith), Spodoptera exigua 67 

(Hbn.) (Lepidoptera: Noctuidae), Grapholita molesta Busck (Lepidoptera:Tortricidae), Ostrinia 68 

nubilalis Hbn (Lepidoptera:Pyralidae), and Phthorimaea absoluta Meyrick (Lepidoptera: 69 

Gelechiidae)⁠

3
⁠

–5. These pests affect major crops including maize, vegetables, and fruit trees, and 70 

represent persistent challenges to agricultural productivity across diverse agroecosystems. 71 

While the biological activity of Bt, and its Cry proteins has been extensively characterised, the 72 

practical performance of Bt-based products depends not only on intrinsic toxicity but also on 73 

formulation, and processing parameters. In industrial production, Bt is cultivated in submerged 74 

systems, after which the spore-crystal suspension must be recovered, stabilized, and formulated into 75 

a usable product. The physico-chemical conditions during culture, including temperature, pH, 76 

dissolved oxygen availability, and nutrient composition, strongly influence each phases: oxidative 77 

growth,  nutritional limitation then sporulation efficiency, and Cry protein synthesis ⁠

6. Variability at 78 

this stage can directly affect the quality and consistency of the material entering downstream 79 
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processing steps. 80 

Drying constitutes a critical stage in the production of Bt formulations, as it converts fermentation 81 

broths into solid products suitable for storage, transport, and resuspension for field application. Spray 82 

drying is one of the most commonly used industrial techniques for this purpose, owing to its 83 

scalability, operational flexibility, and ability to produce free-flowing powders with controlled 84 

moisture content ⁠

7. In spray drying, liquid feed is atomized into fine droplets that are rapidly dried in 85 

a stream of heated air, resulting in short residence times, and high throughput. Compared with 86 

alternative drying methods, spray drying allows continuous operation and facilitates the incorporation 87 

of formulation excipients, making it particularly attractive for large-scale biopesticide production ⁠

8. 88 

Beyond its role in dehydration, spray drying apply a profound influence on the physical properties of 89 

the resulting powder, especially particle size distribution, morphology, and surface characteristics. 90 

These attributes are increasingly recognized as key determinants of formulation performance, yet they 91 

are often treated as secondary considerations in efficacy-driven studies. Particle size , and shape affect 92 

powder flowability, dispersibility, wettability, and suspension behaviour, all of which influence how 93 

Bt formulations are prepared, and applied in practice ⁠

9. In aqueous suspensions, particle size 94 

distribution governs sedimentation kinetics, and the spatial distribution of particles within spray 95 

tanks, thereby affecting dose homogeneity , and delivery of the active ingredient10. 96 

Particle morphology also plays a critical role in determining how Bt formulations interact with water 97 

during reconstitution. Irregularly shaped or aggregated particles may settle rapidly or form compact 98 

sediments, whereas finer, and more homogeneous particles tend to remain suspended for longer 99 

periods11. These differences can translate into variable exposure of target insects to spores, and Cry 100 

proteins, even when nominal application rates are identical. Thus, formulation-induced changes at 101 

the particle scale can modulate the effective bioavailability of Bt toxins independently of their 102 

intrinsic potency. 103 

Despite the recognized importance of particle-scale properties in formulation science, many studies 104 

assessing Bt efficacy rely predominantly on biological endpoints such as LC50 values derived from 105 

laboratory bioassays. While such metrics are essential for comparing intrinsic toxicity, they provide 106 

limited insight into the mechanisms by which formulation structure influences insecticidal 107 

performance12. As a result, differences in efficacy between products are frequently attributed solely 108 

to variations in Cry protein content or strain composition, without considering the contribution of 109 

particle morphology, size distribution, or suspension stability. 110 

Recent work has begun to highlight the importance of formulation structure in determining Bt 111 
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performance 13 demonstrated that reducing particle size, and optimizing formulation characteristics 112 

could enhance Bt bioefficacy by improving dispersion, and availability of the active ingredient14. 113 

However, systematic studies that integrate upstream bioprocess parameters, particle-scale 114 

characterisation, suspension behaviour, and multi-species bioassays remain limited. Few 115 

investigations have explicitly linked morpho-granulometric properties of Bt formulations to 116 

sedimentation dynamics, and comparative bioefficacy across different lepidopteran pests. 117 

Addressing these gaps requires a process–structure–function framework in which bioperformances, 118 

formulation-induced particle properties, and biological efficacy are considered as interconnected 119 

elements rather than isolated variables. Within this framework, particle size distribution, and 120 

morphology emerge as central parameters linking processing conditions to insecticidal performance. 121 

Accordingly, the aim of this study was to develop, and comprehensively evaluate a spray-dried Btk 122 

formulation Lip-F, by integrating upstream culture characteristics with downstream formulation 123 

properties, and biological performances. Specifically, this work aimed: (i) to characterize key 124 

physico-chemical parameters of the submerged cultures, and their influence on spore, and protein 125 

production to scale-up bioprocess, (ii) to assess particle morphology, size distributions, and 126 

sedimentation behaviour of the resulting formulations using complementary analytical techniques, 127 

and (iii) to evaluate the laboratory bioefficacy of Lip-F across multiple lepidopteran pests in 128 

comparison with a commercial reference product, Delfin® WG (Certis, Columbia, MD, USA) as well 129 

as its stress-tolerance under sunlight simulation. By linking particle-scale properties to suspension 130 

behaviour, and insecticidal activity, this study seeks to clear-up how formulation structure contributes 131 

to Bt performance beyond intrinsic toxin activity alone. 132 

  133 
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2 Experimental methods  134 

2.1 B. thuringiensis subsp. kurstaki Lip mass production  135 

Bacillus thuringiensis subsp. kurstaki strain Lip, isolated by El Khoury et al.15, and described by 136 

Fayad et al.16 was used. The strain was preserved in the Microbank™ storage system (Pro-Lab 137 

Diagnostics, Canada) at -80°C. 138 

For inoculum preparation, one colony was inoculated into 25 mL Lysogeny Broth (LB) media 139 

containing 1% (w/v) tryptone (Carl Roth GmbH, Karlsruhe, Germany), 0.5% (w/v) yeast extract (Carl 140 

Roth GmbH, Karlsruhe, Germany), 1% (w/v) sodium chloride (Carl Roth GmbH, Karlsruhe, 141 

Germany), in a 250 mL Erlenmeyer flask, and incubated at 30°C, 200 rpm for 12–14 h to the mid-142 

exponential phase (OD600 ≈ 1.0)14. Cultures (n=4) were performed in batch mode (V=3 L) in a 5 L 143 

BioBench single bioreactor (BioStream International B.V., Netherland) fully instrumented, and 144 

regulated (temperature, pH, foam level, dissolved oxygen, mixing rate, air flow), and on-line variables 145 

were automatically operated through the Biostream Operating System (BOS). The culture media was 146 

a 73.4 ghm/L suspension of wheat-bran (WB) (mix 60:40 w/w ratio with class 2 (500-850 µm), and 147 

class 3 (250-500 µm) (ROPOMIX Rol, and Pöppelmann oHG, No. 08/23/33, 48161 Münster, 148 

Germany) described previously by Nasreddine et al., (2026)14.  149 

Oxidative axenic submerged cultures were carried out at 30 ±0.5°C with constant aeration (Qair = 150 

1.6 L/min equivalent to VVM=0.53 L/(L/min)), regulated pH 7.0 ±0.1 (regulation with 1 M NaOH 151 

(Carl Roth GmbH, Karlsruhe, Germany), and 1 M HCl (Carl Roth GmbH, Karlsruhe, Germany)), and 152 

a nominal agitation speed at 600 rpm. Dissolved oxygen (DO) level was regulated above 25% air 153 

saturation (mixing rate max 850 rpm), and an antifoam (Antifoam 204, Sigma-Aldrich, St. Louis, 154 

USA) was automatically dosed as needed14. On-line pH, and DO sensors (Hamilton EasyFerm Plus 155 

pH, and Hamilton VisiFerm DO Arc, Hamilton Bonaduz AG, Bonaduz, Switzerland) realized stable, 156 

and consistent readings throughout 72 h. Off-gas O2, and CO2 concentrations were monitored on-line 157 

using the BOS, whose base unit can be configured with integrated off-gas analysers – in this setup – 158 

a BlueSens BlueInOne Ferm module was used for simultaneous O2, and CO2 measurement. 159 

Aseptic off-line samples (6 mL) were collected along cultures at defined times (each 4 h until 24 h, 160 

and each 12 h until 72 h). Every sample was separated into aliquots for bio-performance analysis. 161 

Cell and spore concentrations were determined by colony-forming-unit (CFU) counts17. Protein 162 

content was determined by the Bradford assay (Bio-Rad Laboratories, Hercules, USA)18. This 163 

comprehensive data structure served as the basis for developing the hybrid model that bridged 164 

mechanistic growth kinetics with data-driven adjustments towards the estimation of real-time 165 
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biomass. 166 

2.2 Downstream process (DSP), and formulation preparation  167 

After cultivation, the broth containing Lip spores, endotoxin crystals, cell debris from lysis, and 168 

unconsumed substrates was processed. After a primary decantation, the clarified broth was pumped 169 

out using harvested, and filtered under sterile conditions (dead-end filtration, sieves / cut-off = 75 170 

µm) then permeate was transferred into sterile bottles , and centrifuged at 8000 g for 20 min at 4°C 171 

(Eppendorf 5810 R, Hamburg, Germany)14. The supernatant was tipped off, and the wet concentrated 172 

pellet kept for the formulation steps. A representative sample (2 g wet pellet) was used to quantify 173 

the dry matter content (Sartorius MA-150 moisture analyser, Sartorius AG, Göttingen, Germany). 174 

The sample was dried at 105°C until constant weight, and the dry weight fraction was used to estimate 175 

the active ingredient concentrations (spores, crystals), and normalised its content into final 176 

formulation. 177 

For formulation preparation (Lip-F), 70.60 ±1.45 g of concentrated pellet, corresponding to 14.91 ± 178 

0.91 g of dry matter (gdm) equivalent (21.12 ±1.13% dry matter) was dispersed under 150 rpm, 25°C 179 

until homogeneity in a 50 mL suspension of Titanium dioxide (TiO2, 5mM, coarse powder size: 700-180 

800 µm, Carl Roth GmbH, Karlsruhe, Germany). Lactose powder (D[4,.3] = 50 µm, and 181 

spread:  < 10 µm: 10%, 10–100 µm: 40% , and 100–400 µm: 50%, Dm-Drogerie Markt GmbH + Co. 182 

KG, Karlsruhe, Germany) was added, and volume adjusted to 300 mL with autoclaved deionized 183 

water to obtain a processable viscosity for spray drying. On a dry-matter basis, the formulated product 184 

(Lip-F) contained 85% w/w active ingredient, 15% w/w of lactose, and TiO2. In parallel, an unfor-185 

mulated reference material (Lip-U) was prepared by spray drying the same Lip biomass without any 186 

co-ingredients, using the same processing workflow, to provide a baseline for subsequent physical 187 

characterisation, and sunlight stability assays. 188 

The aqueous suspension was spray-dried (Büchi Mini Spray Dryer S-300, Büchi Labortechnik AG, 189 

Flawil, Switzerland) with a two-fluid nozzle (Nozzle cap= 2.2 µm, Nozzle=1.8 µm), and cyclone 190 

separator. The operating conditions were stabilized with distillated water at 180°C, and 90°C for air 191 

inlet, and outlet temperatures respectively, with liquid feed rate at 2 mL/min19, spray gas at 800 L/h, 192 

drying gas 35 m³/h, and atomization at atmospheric pressure (filter pressure = 0.11-0.13 bar) indicat-193 

ing consistent airflow and no filter clogging during the drying process. Under steady-state conditions, 194 

the suspension was fed, and the feeding rate slightly increased at 2.5 mL/min to maintain product 195 

temperature constant. The operation was observed until the feed solution is entirely atomized, and the 196 
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formulated powder collected in the product collector vessel under the cyclone. The sterile dried ma-197 

terial was transferred into 50 mL Falcon™ polypropylene tubes. The overall yield is measured, and 198 

the samples kept in covered containers in dark dry places until subjected to analysis as described in 199 

Figure 1.  200 

 201 

Figure 1: Overview of the workflow used to produce and evaluate formulation from Bacillus 202 

thuringiensis subsp. kurstaki strain Lip. Step 1: Submerged Btk culture with wheat bran-based 203 

medium in bioreactor, and clarification (settling), and dead-end filtration, and. Step 2: Permeate 204 
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centrifugation, centrifugation pellet resuspension with co-formulant. Step 3: Formulated, and un-205 

formulated powder obtained by spray drying, and followed by quality control, and performance 206 

assessment. Created in BioRender. Nasreddine, R. (2026) https://BioRender.com/wlbmils  207 

2.3 Bioperformances, physical investigations, and bioefficacy   208 

2.3.1 Colony forming unit count 209 

For the fermentation broth, and formulated products, spores were counted after plating onto Lysogeny 210 

Broth Agar (LBA) media (1% (w/v) tryptone (Carl Roth GmbH, Karlsruhe, Germany), 0.5% (w/v) 211 

yeast extract (Carl Roth GmbH, Karlsruhe, Germany), 1% (w/v) sodium chloride and 1.5% (w/v) 212 

agar-agar (Carl Roth GmbH, Karlsruhe, Germany) in Petri dishes. The number of colony-forming 213 

units (CFU) associated with spores was determined by heating the samples at 80°C for 10 min, to 214 

eliminate vegetative cells, following the method of Sanders (2012)17, and Warda et al. (2016)20 using 215 

a Thermocell Cooling & Heating Block (model CHB-202; Bioer Technology, Hangzhou, China). 216 

Serial ten-fold dilutions (10-1-10-6) were then prepared, and plates were inoculated using a Spiral 217 

plater (Whitley WASP 2 spiral plater; Don Whitley Scientific Ltd., Bingley, UK). Subsequently, the 218 

Petri dishes were incubated for 16 h at 30°C then colonies were counted. 219 

2.3.2 Bradford quantification  220 

The total protein content was quantified using the Bradford colorimetric method, based on the dye–221 

protein binding to a dye reactant18. Samples were washed with 1 M NaCl, and cold sterile deionized 222 

water, then the total, and protein content was solubilised using 50 mM NaOH at 30°C with shaking 223 

for 2.5–3 h15. After centrifugation, aliquots of supernatant were transferred to 96-well microplates, 224 

mixed with the Quick Start™ Bradford Protein Assay reagent (Bio-Rad Laboratories Inc., Hercules, 225 

CA, USA), and incubated in the dark for 10 min. Absorbance was measured at 595 nm using a 226 

FLUOstar® Omega microplate reader, and protein concentrations were calculated using, and the 227 

linear regression of the standard curve using MARS data analysis software (BMG LABTECH GmbH, 228 

Ortenberg, Germany)14. 229 

2.3.3 Protein SDS page  230 

Protein profiles of each stock suspension were analyzed in triplicate by 12% sodium dodecyl sulfate–231 

polyacrylamide gel electrophoresis (SDS-PAGE). Gels (1:10)  were stained with 0.05% (wt/vol) Coo-232 

massie Brilliant Blue R-250 (Thermo Scientific) in a methanol–acetic acid–water solution (40:10:50, 233 

vol/vol/vol). Band densitometric analysis was performed using Phoretix 1D software (TotalLab), with 234 

BSA as a reference standard. Protein bands corresponding to the expected molecular masses of Cry1A 235 

https://biorender.com/wlbmils
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protoxins (~130 kDa), Cry2A protoxins, and Cry1A activated toxins (~65 kDa) were detected in all 236 

preparations. 237 

2.3.4 Morphological analysis by static image microscopy  238 

The morphological characterisations of all samples (Lip-F, Lip-U, and Delfin®) were performed ex-239 

situ using a Morphogranulometer (Morphologi G3S, Malvern Instruments Ltd., UK; SN: 240 

MAL1033756) operated through Morphologi software v7.21 (Malvern Panalytical). This optical 241 

analysis system, as described, and modified from Barssoum et al. (2023)21, employs a lens system 242 

(×1 to × 50 magnification range), and a high-resolution Nikon CFI60 camera (2592x1944 pixel, size: 243 

2.7 µm/pixel), enabling accurate imaging-based particle characterisation. In dry-way (DW), and wet-244 

way (WW), the method to extract the statistical measurements were identical to whose previously 245 

described14. The morphogranulometer system scans, and record images of each identified cell. 246 

Additionally, image analysis software called Morphologi v7.21 enabled identifying individual 247 

particles as well as determining their geometric properties such as diameter, aspect ratio, circularity, 248 

among others. Number, and volume distribution graphs for each parameter were automatically 249 

created22. 250 

2.3.5 Stability and sedimentation assessment  251 

The stability, and sedimentation of 1 gdm/L suspension (Lip-U, Lip-F, Delfin®) were studied using 252 

a Turbiscan LAB™ stability analyser (Formulaction, France, size range from 0.1 to 1000 μm) based 253 

on a multiple light scattering technology. This device can identify and follow the destabilization 254 

phenomena (kinetics of particle migration, and size change) of concentrated suspensions in their 255 

native state with no additional workup, dilution, or probing. Turbiscan LAB™ is composed of a 256 

detection head, which moves up, and down along a flat-bottomed glass cylindrical cell (volume ≈ 20 257 

mL). The detection head is composed of a pulsed near-infrared light source (λ ≈ 880 nm), and two 258 

synchronized detectors. The transmission detector (at 180°) receives the light which goes through the 259 

sample, while the backscattering detector (45°) receives the light scattered backward by the sample. 260 

The detection head scans the entire height of the sample acquiring transmission, and backscattering 261 

data at defined intervals of time (2 scans/min). Samples were vortexed for 2 min at maximum speed 262 

to standardise initial dispersion then settling, and clarification were monitored during 24 h at 25°C. 263 

Backscattered (BS), and transmitted (T) lights on the y-axis23 are used to identify particles average 264 

diameter (d), and volume fraction (ϕ) as described by equation (1), and (2).  265   ܶ(݀, Φ௏, (௜ݎ = 0ܶ ⋅ ݌ݔܧ (−3 ⋅ ௜ݎ ⋅ Φ௩ ⋅ ܳௌ ݀⁄ )    (1) 
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,݀)ܵܤ Φ௏) = (3. Φ௏. (1 − ݃). ܳௌ2݀ )1 2⁄    (2) 

Where ri is the inner radius of the measurement cell, Qs is the scattering efficiency factor, d is the 266 

mean particle diameter, Φv is the volume fraction of the dispersed phase, and g is the asymmetry 267 

factor according to Mie theory. Under fixed optical conditions, transmission increases when local 268 

particle concentration decreases, whereas backscattering is sensitive to both particle concentration 269 

and particle size, making it suitable for following clarification and sediment densification 270 

phenomena24. Transmission decreases with increasing particle volume fraction due to enhanced light 271 

attenuation, whereas backscattering increases with particle concentration and scales as (Φv/d)1/2. As 272 

a result, clarified regions are characterized by high transmission and low backscattering, while 273 

sedimented zones exhibit low transmission and high backscattering. Transmission is therefore mainly 274 

sensitive to clarification, whereas backscattering reflects both particle accumulation and size-275 

dependent structural changes. 276 

To compare destabilization pathways, three parameters were extracted from the height-resolved 277 

backscattering (BS), and transmission (T) profiles over time: (i) the equivalent volume fraction of 278 

settling pellet (primary decantation) by integrating ΔBS² in bottom-zone backscattered signal (0-4 279 

mm), (ii) the mean volume fraction in supernatant (secondary clarification) through, and the upper-280 

zone transmitted signals (between h=4mm, and 0.75hmax, and between 0.75hmax, and hmax), and (iii) 281 

the clarification kinetics through the width of transmitted signal peak at T=5% over time. These 282 

metrics were selected to independently capture sediment build-up kinetics, cumulative sediment 283 

densification, and clarification dynamics within the suspension column. 284 

2.3.6 Bioefficacy across multiple pests  285 

The Lip-F formulation was tested, and Delfin® (commercial formulation of B. thuringiensis subsp. 286 

kurstaki) was included as a positive control. At least five concentrations of each product were tested, 287 

and treatments were replicated two to four times. Distilled water was used as a negative control, and 288 

mortality in control treatments never exceeded 10%. Bioassays were conducted following species-289 

specific protocols adapted to the biology of each insect. 290 

S. exigua, O. nubilalis, and G. molesta larvae were obtained from established laboratory colonies at 291 

the University of Valencia (Spain). A standard diet surface treatment protocol was applied25. Neonate 292 

larvae were individually placed in wells of multi-well trays containing artificial diet treated with the 293 

corresponding product concentration. Mortality was recorded after 7 days. Each concentration was 294 

tested with 16 larvae per replicate. 295 
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S. frugiperda larvae were reared on artificial diet at the Julius Kühn Institute (JKI) – Federal Research 296 

Centre for Cultivated Plants, Institute for Biological Control (Germany), in a quarantine unit operat-297 

ing under EPPO standards14. Each well was filled with 1.5 ml of diet, followed by the addition of 45 298 

µl of the related suspension onto it. For each dilution , and the control, which consisted solely of 299 

autoclaved deionized water, one 24-well cell culture plate was created, corresponding to 24 larvae, 300 

repeated three times, resulting in a total of 1152 larvae. Bioassays were performed according to the 301 

protocol described by Nasreddine et al. (2026)14. 302 

P. absoluta larvae were reared at the Department of Plant Protection, Çukurova University (Türkiye), 303 

on potted tomato seedlings maintained at 26 ± 1°C, 65 ± 5% relative humidity, and a 14:10 h 304 

light:dark photoperiod. The bioassay followed the protocol described by Nasreddine et al, (2026)14. 305 

Mortality data from all experiments were analyzed by Probit analysis26 using POLO-PC software 306 

(LeOra Software, 1987). The program provided regression parameters including LC50 (the concen-307 

tration killing 50% of treated individuals), and slope (which indicates the steepness of the dose–re-308 

sponse relationship). 309 

Chi-square (χ²) goodness-of-fit tests implemented in the software were used to determine whether 310 

bioassays could be considered statistically similar, and whether slopes were homogeneous. When 311 

bioassays were not significantly different, responses were considered equivalent. When bioassays 312 

were different, but slopes were parallel, relative potency ratios were calculated across the full dose–313 

response range. When slopes were significantly different, comparisons were based on LC50 values 314 

and their 95% fiducial limits (FL95), which are considered the most robust parameter for comparing 315 

product susceptibility. LC50 values were considered not significantly different when their FL95 over-316 

lapped. If FL95 does not overlap, LC50 ratios were calculated. 317 

2.3.7 Sunlight simulation assay  318 

Powdered Btk samples (Lip-F, Lip-U, and Delfin®) were dispersed in sterile isotonic saline (0.9% 319 

NaCl; 9 g/L, autoclaved) to obtain a stock suspension of 10 mg/mL. Suspensions were homogenized 320 

by vortexing, and then mixed on a rotating mixer (continuous 360° rotation, 90 rpm, 10 min). For 321 

each product, two sterile frosted glass slides were prepared in parallel, one serving as the non-exposed 322 

control, and the other as the exposure sample. Slides were sterilized under sunlight (SL) in a biosafety 323 

cabinet for 15 min, after which 500 µL of the corresponding stock suspension was pipetted onto each 324 

slide and spread to form a thin film. Slides were dried at 37°C for approximately 1.5 h until completely 325 

dry. Control slides were shielded from light using aluminum foil for the duration of the exposure 326 

period, while exposure slides were placed in an Atlas SUNTEST XXL xenon-arc sunlight simulator 327 
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(Atlas Material Testing Solutions, AMETEK, USA). 328 

The simulator was operated using irradiance control over 300–800 nm at 350 W/m², with chamber 329 

temperature set to 20°C, and relative humidity to 70%. Cooling and airflow were enabled according 330 

to the instrument settings, and samples were exposed for 6 h. After exposure, each slide was 331 

transferred into a sterile 50 mL tube, and the dried residue was recovered by rinsing with 5 mL sterile 332 

isotonic saline followed by continuous rotation (70 rpm, 15 min). Remaining material was gently 333 

detached from the slide using a sterile inoculation loop, slides were removed with sterile forceps, and 334 

suspensions were mixed for an additional 1–2 min to standardize recovery. Due to rapid 335 

sedimentation of particulate material, suspensions were vortexed immediately prior to each pipetting 336 

step.  337 

The same sunlight‐exposure workflow, and experimental pairing strategy was applied for CFU 338 

enumeration, total protein quantification, and insect bioassays with some modifications based on the 339 

experiment.  340 

Repetition-level spore counts were analysed on the log10 CFU (n=3, per treatment). For each product, 341 

and repetition, control, and SL-exposed log10 values were paired, and the following quantities were 342 

computed:  343 ∆݈10݃݋ = ௌ௅(ܷܨܥ)10݃݋݈ − ஼௢௡௧௥௢௟(ܷܨܥ)10݃݋݈ = ݊݋݅ݐܿܽݎ݂ ݊݋݅ݐܽݐܴ݊݁ 344 (3) ܨܥ ௌܷ௅ܨܥ ௖ܷ௢௡௧௥௢௟ = 10∆௟௢௚10 (4) 345 

 346 

For total protein concentration the retention percentage was calculated as followed:  347 ܴ݁݊݋݅ݐ݊݁ݐ(%) =  100 × ݈݋ݎݐ݊݋ܥܮܵ  (5) 348 

 349 

For the S. frugiperda bioassays, cumulative deaths were recorded at 24, 48, 72, 96, 120, and 144 h 350 

for each repetition (n = 24 larvae per repetition, and condition). Mortality curves were visualised as 351 

pooled cumulative mortality proportions at each time point, obtained by summing cumulative deaths 352 

across replicates, and dividing by the total number of larvae (24 × number of repetitions), and 353 

uncertainty around pooled proportions was represented using Wilson 95% binomial confidence 354 

intervals. To compare exposed, and non-exposed conditions at the study endpoint (144 h) while 355 

controlling for between-replicate variability, a Cochran–Mantel–Haenszel (CMH) test27 was applied 356 

separately for each product using replicate as the stratification factor, yielding a Mantel–Haenszel χ² 357 

statistic, an associated p-value, and a common odds ratio with 95% confidence interval for the effect 358 
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of sunlight exposure on mortality calculated as followed:  359 

ܱܴ = ݀ܽ݁ܦ) ݀ܽ݁ܦ)⁄ܮܵ(݁ݒ݈݅ܣ ⁄݈݋ݎݐ݊݋ܥ(݁ݒ݈݅ܣ  (6) 360 

 361 

Where: OR = 1: no SL effect, OR < 1: SL causes lower mortality and OR > 1: SL causes higher 362 

mortality.  363 

In addition, an absolute endpoint effect size was calculated for each repetition as: 364 ∆144= ௌ௅,144ܯ − ஼௢௡௧௥௢௟,144ܯ (7) 365 

 366 

where mortality at 144 h is: 367 ܯௌ௅,144 =  ஽ೄಽ,144ே ஼௢௡௧௥௢௟,144ܯ 368  ,  =  ஽಴೚೙೟ೝ೚೗,144ே   369 

and D is the cumulative number of dead larvae at 144 h, and N=24 larvae per repetition. 370 

Equivalently: 371 ∆144= ௌ௅,144ܦ − ܰ ஼௢௡௧௥௢௟,144ܦ   (8) 372 

 373 

The entire analysis, and visualization tasks were performed in R software version 4.4.0 (R Core Team, 374 

2025) from the stats package stats: mantelhaen.test() for CMH testing, and the binom package for 375 

Wilson confidence intervals, data handling, and plotting were conducted with dplyr, and ggplot228
⁠

,29. 376 

Median lethal time (LT50) was estimated as the time required to achieve 50% cumulative mortality, 377 

using linear interpolation between observation intervals, consistent with classical time–mortality 378 

analysis described by Preisler & Robertson (1989)30.   379 
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3 Results  380 

3.1 Physico-chemical parameters, spores, and proteins concentrations during culture.  381 

Culture behaviours were reproductible (n=4) as demonstrated by the mean evolution of physico-382 

chemical parameters and monitored over 72 h for all phases (Fig. 2A). Temperature (30°C), pH (6.8-383 

7), agitation (600 rpm), and aeration (1.6 NL/min) were accurately regulated. Dissolved oxygen 384 

concentration (pO2) exhibited a marked temporal variation with a significant and expected standard 385 

deviation during the main culture phases. High pO2 values were recorded at the start of fermentation, 386 

followed by a rapid decrease during the first 10h (oxidative growth). Thereafter, pO2 progressively 387 

increased, and stabilized during the mid-fermentation period (30 h) before rising further toward the 388 

end of the process informing about nutritional limitation/sporulation, and lysis respectively. 389 

The respiratory activity, derived from gas balance (Fig. 2B), indicated a clear transition from an initial 390 

growth-associated high respiratory activity to a prolonged low-respiration regime accompanying 391 

sporulation, and subsequent lysis, in agreement with the online physico-chemical trends (Fig. 2A). 392 

During the first 10 h, rCO2 (volumetric CO2 evolution) increased rapidly to a distinct maximum, while 393 

rO2 (volumetric O2 uptake) showed the highest oxygen demand, consistent with intense oxidative 394 

metabolism during exponential cell biomass growth. Concomitantly, dissolved oxygen (pO2) 395 

decreased sharply from near saturation to a minimum (Fig. 2A), indicating a transient oxygen transfer 396 

limitation during peak respiration. After 10 h, rO2 progressively declined, and rO2 moved toward lower 397 

absolute uptake, reflecting a reduction in global respiratory activity as growth decelerated, and the 398 

culture transitioned into stationary phase. In parallel, pO2 steadily recovered (Fig. 2A), consistent 399 

with a decreasing oxygen demand, and restoration of a positive oxygen transfer margin under 400 

otherwise stable operating conditions (constant agitation, aeration, pH, and temperature). 401 

Between 10 and 45 h, the respiratory quotient (QR = rCO2/rO2) increased, and remained elevated, 402 

matching the time window annotated as sporulation, and early lysis in Fig. 2B, and indicating a 403 

metabolic shift consistent with sporulation-associated physiology, and changing carbon utilization. 404 

From 45 h onward, rCO2 stabilized at a comparatively low level with a modest secondary increase 405 

around 50–60 h, whereas rO2 remained low, suggesting residual maintenance metabolism, and/or 406 

secondary substrate consumption during the late phase. Notably, short-lived QR excursions occurred 407 

at discrete time points (e.g., 30–40 h, and later in the run), which coincide with near-zero and therefore 408 

should be interpreted cautiously due to ratio instability rather than as true metabolic transitions. 409 
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 410 

 411 

Figure 2: Evolution of bioreactor process variables and respiratory activity versus time. (A) Mean ± 412 
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SD (n = 4) profiles of impeller speed (rps), aeration rate (Qair, nL/min), pH, temperature (°C), and 413 

dissolved oxygen (pO2, % air saturation) over 72 h. 414 

(B) Representative off-gas respiratory profile (culture #2) showing volumetric oxygen uptake (rO2V, 415 

mol/L·h), carbon dioxide evolution (rCO2V, mol/L·h), the respiratory quotient (RQ = rCO2V/rO2V, 416 

dimensionless), and scaled cumulative consumed O2 and produced CO2. 417 

These respiratory dynamics coincided with the kinetics of protein accumulation, and spore formation 418 

(Fig. 3). During the early phase (0–12 h), protein concentrations increased gradually (0.15 to 0.35–419 

0.4 mg/mL) while spore counts remained low (4.5–5.0 log10 CFU/mL). A pronounced increase in 420 

both parameters occurred between 12 and 24 h, with protein concentrations reaching 1.1–1.2 mg/mL, 421 

and spore counts rising sharply to 9.0–9.5 log10 CFU/mL, consistent with the onset, and progression 422 

of sporulation during the period of declining respiratory activity and recovering pO2. 423 

From 24 h onward, spore concentrations remained high, and relatively stable, close to 9.5–10.0 log10 424 

CFU/mL, whereas protein concentration continued to increase, reaching final values of 425 

approximately 1.4–1.5 mg/mL at 72 h. This late phase coincided with increasing pO2 levels, 426 

consistent with sporulation, and cell lysis. 427 

 428 

Figure 3: Evolution of protein (ug/mL), total count and spore concentration (log₁₀ CFU/mL) during 429 
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cultures (Batch #01–#04, mean values, and error bars indicate standard deviation of the mean). 430 

3.2 Physical properties of formulations, and suspensions 431 

Particle size, and shape were quantified using both number-based (En), and volume-based (Ev) 432 

morpho-granulometric descriptors for Lip-U, Lip-F, and Delfin®14, under dry-way (DW), and wet-433 

way (WW) conditions (Table 1). 434 

Table 1: Morphogranulometric parameters of the Lip formulations obtained by dry-way (DW), and 435 

wet-way (WW) processing. Delfin® data was extracted from Nasreddine et al., (2026). Particle size 436 

distributions are expressed on a number (En), and volume (Ev) basis. D0.1, D0.5, and D0.9 correspond 437 

to the 10th, 50th, and 90th percentiles, respectively. D[1,0] and D[4,3] represent the surface and 438 

volume-weighted mean diameters (mean ± SD). Aspect ratio (AR), and high-sensitivity circularity 439 

(HS Cir) describe particle shape characteristics. Coarse fractions are reported as the percentage of 440 

particles below 5 µm, and above 30 µm, and 100 µm, calculated on a number- or volume-basis as 441 

indicated. 442 

N
u

m
b

er
 d

is
tr

ib
u

ti
o
n

 

 Dn-0.1 Dn-0.5 Dn-0.9 
D[1,0] 

±SD 

AR 

±SD 

HSCir 

±SD 

Fine, and Coarse [%] 

<5µm >30µm >100µm 

D
ry

 w
ay

 (
D

W
) 

Lip-U 4.77 10.23 21.32 
12.02 

±7.16 

0.78 

±0.14 

0.87 

±0.13 
12.01 2.38 0.04 

Lip-F 4.92 10.94 21.31 
12.43 

±7.39 

0.81 

±0.13 

0.90 

±0.11 
10.67 2.20 0.10 

Delfin® 5.64 17.57 54.92 
28.78 

±41.46 

0.78 

±0.14 

0.86 

±0.14 
8.32 24.53 3.13 

W
et

 w
ay

 (
W

W
) 

Lip-U 0.62 0.93 1.64 
1.35 

±2.00 

0.83 

±0.15 

0.81 

±0.15 
96.87 0.04 0.04 

Lip-F 0.62 0.98 1.67 
1.32 

±1.55 

0.82 

±0.16 

0.80 

±0.15 
97.54 0.06 0.06 

Delfin® 0.94 1.77 2.30 
1.78 

±1.04 

0.80 

±0.14 

0.83 

±0.16 
99.39 0.23 0.23 

V
o

lu
m

e 
d

is
tr

ib
u

ti
o
n

 

 Dv-0.1 Dv-0.5 Dv-0.9 
D[4,3] 

±SD 

AR 

±SD 

HSCir 

±SD 

Fine, and Coarse [%] 

<5µm >30µm >100µm 

D
ry

 w
ay

 (
D

W
) 

Lip-U 12.9 24.9 59.2 
44.3 

±68.0 

0.84 

±0.14 

0.91 

± 0.13 
0.19 35.27 8.53 

Lip-F 14.9 36.0 1269.0 
328.2 

±463.4 

0.86 

±0.13 

0.93 

±0.11 
0.10 57.04 39.37 

Delfin® 127.0 326.8 873.3 
382.2 

±240.9 

0.91 

±0.14 

0.91 

±0.14 
0 99.28 93.07 

W
et

 w
ay

 (
W

W
) 

Lip-U 8.77 20.56 36.04 
21.8 

±10.5 

0.88 

±0.15 

0.87 

±0.15 
3.47 20.75 0 

Lip-F 8.20 19.21 37.40 
21.5 

±34.2 

0.88 

±0.16 

0.87 

±0.15 
4.54 19.31 0 

Delfin® 2.08 35.48 124.30 
52.4 

±45.1 

0.85 

±0.14 

0.89 

±0.16 
18.95 54.09 21.73 

 443 



19 

Under DW, Lip-U, and Lip-F displayed comparable number distributions, with median diameters 444 

(Dn-0.5) of 10.23, and 10.94 µm, respectively, and similar upper percentiles (Dn-0.9 = 21.3 µm for both). 445 

Lip-U, and Lip-F number-weighted mean diameters (D[1,0]) were 12.02 ±7.16 µm , and 12.43 ±7.39 446 

µm, with mean aspect ratios, AR of 0.78 ±0.14, and 0.81 ±0.13, and high-sensitivity circularity, 447 

HSCir of 0.87, and 0.90, respectively. On a number basis, the fine fraction <5 µm represented 12.01% 448 

(Lip-U), and 10.67% (Lip-F), whereas particles >30 µm accounted for 2.38%, and 2.20%, and >100 449 

µm for 0.04%, and 0.10%, respectively. Delfin® showed a coarser number distribution (D0.5 = 17.57 450 

µm; D₀.₉ = 54.92 µm; D[1,0] = 28.78 ±41.46 µm) with a higher proportion of particles >30 µm 451 

(24.53%). In contrast, volume distributions revealed pronounced differences in the coarse tail. Lip-U 452 

showed DV-0.5 = 24.93 µm, and D[4,3] = 44.27 ±68.01 µm, with 35.3% of volume >30 µm , and 8.5% 453 

>100 µm. Lip-F exhibited a markedly extended coarse fraction (Dv-0,.9 = 1269 µm; D[4,3] = 328.2 454 

±463.4 µm), with 57.04% of volume >30 µm , and 39.4% >100 µm. Delfin® showed similarly coarse 455 

volume characteristics (D[4,3] = 382.2 ±239.9 µm), with 99.3% >30 µm , and 93.1% >100 µm.  456 

Under WW, Lip-U, and Lip-F shifted to submicron number distributions (Dn-0.5 = 0.93, and 0.98 µm; 457 

Dn-0.9 = 1.64, and 1.67 µm; D[1,0] = 1.35 ±2.00 , and 1.32 ±1.55 µm), with high fine fractions <5 µm 458 

(96.9% , and 97.5%) , and negligible number fractions >30 µm (≤0.06%). Delfin® also showed a fine 459 

number distribution (Dn-0.5 = 1.77 µm) with 99.4% <5 µm. In volume distributions, Lip-U, and Lip-F 460 

remained centered at 20–21 µm (D[4,3] = 21.8 ±10.5, and 21.5 ± 34.2 µm) with no detectable volume 461 

fraction >100 µm, while Delfin® retained a larger coarse contribution (D[4,3] = 52.4 ±45.1 µm) with 462 

21.7% of volume >100 µm. 463 

Physical stability of suspensions was monitored through the analysis of backscattered, and 464 

transmitted signals over time, and height. Changes in transmission (ΔT=T(t)-T(t0)), and 465 

backscattering (ΔBS=BS(t)-BS(t0)) light were used to track a primary sedimentation, and a secondary 466 

clarification with comparisons based on relative trends, and kinetics under identical optical conditions 467 

(Fig. 4).  468 

 469 
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 470 

Figure 4: Evolution of relative Transmitted, T=T(t)-T(t=0), and Backscattered, BS=BS(t)-471 

BS(t=0), signals as a function of suspension height (from 0 up to 46/52 mm) , and time (<24 h) for 472 

Delfin-GER-2023(Delfin®), Lip-F, and Lip-U suspensions (1 g/L) under static condition at 25°C. 473 

The marked zone, and arrows in red defines the specific analysed zones. 474 

Suspension destabilization was resolved into bottom sediment build-up and supernatant clarification 475 

using integrated bottom backscattering and transmission-derived concentration profiles (Fig. 5A). 476 
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Lip-U, used as the unformulated baseline, showed the strongest increase in the integrated bottom 477 

signal over time, indicating the highest extent of particle accumulation in the lower zone [0–4 mm]. 478 

Lip-F displayed a reduced bottom build-up relative to Lip-U throughout the experiment, whereas 479 

Delfin® showed the lowest values overall. For all three suspensions, the increase was steepest during 480 

the first hours and then progressively slowed, approaching a plateau-like behavior after approximately 481 

20 h. 482 

The transmission-derived concentration proxy, expressed as ln(T0)−ln(T), showed different spatial 483 

patterns depending on the height zone considered. In the bulk region [4 mm–0.75·h_max], Delfin® 484 

exhibited a more progressive and continuous change over time, whereas Lip-F remained lower and 485 

Lip-U showed the weakest evolution. In the upper zone [0.75·h_max–h_max], all suspensions 486 

showed a decrease in ln(T0)−ln(T), consistent with particle depletion and development of a clarified 487 

supernatant layer. This decrease occurred earliest for Delfin®, while Lip-F showed a delayed but 488 

marked upper-zone evolution relative to the Lip-U baseline. Lip-U displayed the slowest and least 489 

pronounced change in the upper region. Taken together, the profiles indicate that Delfin® underwent 490 

the earliest clarification over the suspension height, Lip-F showed an intermediate behavior, and Lip-491 

U remained the most delayed system. 492 

Clarification kinetics were further quantified from the displacement of the clarification front at a fixed 493 

transmission threshold (ΔTR = 5%) (Fig. 5B). A linear relationship between front displacement (Δh) 494 

and time was obtained for both Lip-F and Lip-U during the main clarification phase. This approach 495 

was applicable to Lip-F and Lip-U, which exhibited a front-like secondary clarification behavior, 496 

allowing linear tracking of Δh over time. In contrast, Delfin® displayed a more homogeneous 497 

clarification over the liquid height and therefore did not present a clearly defined moving front 498 

suitable for this analysis. The slope of the regression line was higher for Lip-F (0.49 mm·h-1, R2=0.99) 499 

than for Lip-U (0.38 mm·h-1, R2=0.99), indicating faster front propagation in the formulated 500 

suspension than in the unformulated baseline.  501 

 502 
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 503 

 504 

Figure 5: Evolution of equivalent pellet volume from backscattered signals, equivalent supernatant 505 
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concentration from transmitted signals, and with Lip-F, Lip-U, and Delfin® formulations (A). 506 

Evolution of peak width (Δh) for a constant transmission threshold (ΔTR = 5%) as a function of time 507 

(B). 508 

 509 

3.3 Quality control, and toxicity tests  510 

Quality control was performed to ensure the consistency, biological integrity, and performance of the 511 

formulated Bt product prior to bio-efficacy evaluation. Quantification of total, and heat-resistant 512 

spores was used to verify spore yield, and stability, which are critical parameters for product potency 513 

and shelf life. Total protein determination provided an overall measure of toxin-associated protein 514 

content and batch-to-batch consistency. SDS–PAGE analysis was conducted to confirm the presence 515 

and integrity of the characteristic Cry protein profiles, and to detect potential protein degradation or 516 

loss during processing. Finally, LC50 bioassays against multiple target pests were carried out to link 517 

physico-chemical, and biochemical quality attributes with functional insecticidal efficacy. Together, 518 

these complementary analyses provide a robust framework for assessing formulation quality before 519 

comparative, and field evaluations. 520 

3.3.1 Spore concentration, qualification, and quantification of proteins  521 

Total viable cell counts, heat-resistant cell counts, and total protein content were quantified for the 522 

Lip-F formulation, and compared with the commercial reference Delfin® (Table 2). CFU values were 523 

comparable among samples for both total cells, and spores. Spore counts were approximately one 524 

order of magnitude lower than total cell counts, suggesting that only a small fraction of the cells 525 

present in the products corresponded to viable cells. 526 

 527 

Table 2: Estimation of total viable cells, spore counts, , and total protein content (Bradford assay) in 528 

each sample. Additional quantification of Cry protein content (mg/g) was performed by densitometric 529 

analysis of the ≈65 kDa, and ≈130 kDa bands obtained from SDS-PAGE. Microbial counts were 530 

log₁₀-transformed prior to statistical analysis. Cell counts are presented as log CFU/g of formulation, 531 

and protein content as mg protein/g of formulation. 532 

Formulations  Total cells 

(log10 CFU/g) 

Spores 

(log10 CFU/g) 

Total protein 

(mg/g)  

Cry proteins  

(mg/g) 

Lip-F  14.27 ±0.03 12.94 ±1.85 104.24 15.41 4.95 ±1.48 

Delfin® 14.16 ±0.02 12.85 ±2.32 60.77 12.98 4.14 ±0.69 
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 533 

For protein concentration, determined by the Bradford assay, was 104.24 mg/g for Lip-F, and 61 534 

mg/g for Delfin® which is significantly lower than the Lip-based formulations (t-test, p<0.05). 535 

 536 

Figure 6: Protein analysis of the samples by 12% SDS-PAGE. Gels were stained with Coomassie 537 

Brilliant Blue. BSA (mg/g) was used as a standard to estimate protein concentration (supplementary 538 

data). Ladder: molecular weight marker 10-180 kDa (BlueStar Pre-stained Protein Ladder, Nippon 539 

Genetics, Lip-U: unformulated material as reference, Lip-F: formulated product from Lip strain. 540 

Arrows indicate the expected activated toxin, and protoxin forms of Cry1A, and Cry2A proteins. After 541 

sunlight exposure, the profile of Lip-U, and Lip-F is also presented. (Full gel presented 542 

supplementary data) 543 

Cry proteins purified from the samples were analyzed by SDS-PAGE (Fig. 6), revealing the typical 544 

profile with two major bands of approximately 130 kDa, and 60–65 kDa, corresponding to the 545 

protoxin, and activated toxin forms of Cry1A, and Cry2A proteins, respectively, whose genes are 546 

present in the strain 15.  547 

 548 

3.3.2 Retention of spores, and total proteins after sunlight exposure  549 

Spore viability, expressed as log10 CFU, was quantified for each product under control conditions, 550 
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and after sunlight exposure across three independent repetitions. For each repetition, paired control, 551 

and SL-exposed values were used to calculate Δlog10(SL − control), the corresponding log reduction, 552 

and retention (%). 553 

At the repetitions level, Lip-U control values were 9.23, 9.18, and 8.78 log10 CFU, while SL-exposed 554 

values were 7.60, 7.61, and 6.48 log10 CFU, yielding Δlog10 values of −1.63, −1.57, and −2.30, and 555 

retention values of 2.34%, 2.69%, and 0.501%, respectively. Lip-F control values were 8.61, 8.58, 556 

and 8.80 log10 CFU, while SL-exposed values were 8.07, 8.13, and 8.18 log10 CFU, yielding Δlog10 557 

values of −0.540, −0.450, , and −0.620 , and retention values of 28.8%, 35.5%, and 24.0%, 558 

respectively.  559 

When results were summarised by product (mean ± SD; n = 3), the mean Δlog10 (SL − control), mean 560 

log reduction (control − SL), and mean CFU retention (%) were calculated. Lip-U exhibited a mean 561 

log reduction of 1.83 ±0.41, corresponding to a mean CFU retention of 1.85 ±1.18%. In contrast, Lip-562 

F showed a substantially lower mean log reduction of 0.54 ±0.09, corresponding to a mean CFU 563 

retention of 29.4 ±5.89%. 564 

The mean log10 reduction observed for Lip-F was significantly lower than that of Lip-U (t-test, p < 565 

0.05), corresponding to a reduction difference of approximately 1.3 log units. 566 

For total protein measured by Bradford assay, mean values (mg/g) decreased from 112.37 to 69.76 567 

for Lip-U, corresponding to a 62.1% protein retention after exposure, , and from 104.25 to 84.43 for 568 

Lip-F, corresponding to an 81.0% protein retention. Cry toxin integrity was assessed via SDS-PAGE 569 

after sunlight exposure (Fig.6). Results showed a remarkable degradation for Lip-U, in comparison 570 

with Lip-F.   571 

3.3.3 Toxicity analysis  572 

3.3.3.1 Bioassays of five lepidopteran pests  573 

The formulations were toxicologically evaluated against five lepidopteran species from different 574 

clades, including two species of the genus Spodoptera (S. frugiperda, and S. exigua). Mortality data 575 

were analysed by Probit analysis to estimate LC50 values, and slope parameters (Table 3). 576 

Because bioassay protocols differed across species, direct comparisons of LC50 values are not 577 

appropriate. Therefore, comparisons were restricted to different products within the same insect 578 

species. All products showed increasing mortality with increasing concentration, with comparable 579 

slope values. Moreover, for S. frugiperda (χ²= 2.8, df=2, p = 0.25), and P. absoluta (χ²= 1.8, df=2, p 580 

= 0.40), the equality test of Probit lines indicated no significant differences among treatments 581 
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(supplementary table). In addition, LC50 values showed overlapping FL95 intervals, confirming 582 

similar toxicity across products for these species 583 

Table 3: Susceptibility of five lepidopteran pests to Lip-F, and Delfin® in laboratory bioassays. Each 584 

insect species was subjected, in triplicate, to a bioassay protocol adapted to its biology. Parameters 585 

were estimated by PROBIT analysis. LC₅₀: concentration causing 50% mortality of treated 586 

individuals. FL95: lower, and upper 95% fiducial limits of the LC₅₀ value. Slope: slope of the 587 

regression line of log(dose) versus mortality, with its standard error. LC₅₀ values were considered 588 

significantly different when their FL₉₅ did not overlap. Statistical analysis of slope homogeneity 589 

(parallelism test) is presented as supplementary data. 590 

Species Treatments LC50 (ng/cm²) FL95 Slope 

S. frugiperda Lip-F 8308 6479-10652 1.8 0.2 

Delfin® 11071 3773-21714 2.2 0.3 

S. exigua Lip-F 138 23-436   1.2 0.2 

Delfin® 271 176-681 1.8 0.3 

P. absoluta Lip-F 3929 1390-6400 3.1 0.5 

Delfin® 3301 1476-4916 3.3 0.5 

G. molesta Lip-F 2.5 0.3-5.4 1.4 0.2 

Delfin® 11 0.8-35  1.0 0.1 

O. nubilalis Lip-F 2.8 1.0-4.3 1.3 0.2 

Delfin® 6.5 4.3-9  1.4 0.2 

 591 

LC50 values revealed no significant differences between Lip-F, and Delfin® in any species except O. 592 

nubilalis, where Lip-F showed greater activity (LC50 ratio = 2.3). Slopes were not significantly 593 

different (parallelism test, p > 0.05), indicating parallel dose–response curves. However, the equality 594 

test of Probit lines showed a significant difference (χ² = 7.3, df = 2, p = 0.03), demonstrating a 595 

displacement between regression lines, and therefore a difference in potency. The relative potency of 596 

Lip-F across the full bioassay range was 2.2-fold higher than Delfin® (FL95 = 1.2–3.9). Overall, these 597 

results indicate comparable performance between both products across most species.  598 

3.3.3.2 Bioassays with S. frugiperda under Sunlight stimulator stress  599 

Same experimental design of the bioassay was used. Across the observation window, mortality 600 

increased rapidly in the non-exposed controls for both products, whereas sunlight-exposed samples 601 
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showed reduced killing, most prominently for the unformulated biomass (Lip-U) (Fig.7). At 144 h, 602 

the Cochran–Mantel–Haenszel (CMH) test stratified by reptations confirmed a strong exposure effect 603 

for Lip-U (Mantel–Haenszel χ² = 65, df = 1, p = 5 × 10⁻¹⁶), with a common odds ratio (SL vs control) 604 

of 0.038 (CI95%: 0.015–0.098), indicating markedly lower odds of death after exposure. For the 605 

formulated product (Lip-F), the exposure effect was smaller but remained significant (Mantel–606 

Haenszel χ² = 4, df = 1, p = 0.029), with a common odds ratio of 0.217 (CI95%: 0.058–0.809). 607 

Consistent with the CMH analysis, repetition-wise endpoint effect sizes showed that exposure 608 

reduced final mortality (144 h) by −0.573 ±0.063 (mean ± SD of Δ[SL − control]) for Lip-U, 609 

compared with −0.094 ±0.099 for Lip-F. Time-to-effect analysis further supported these trends, LT50 610 

for Lip-U controls was 24.8 ±8.42 h, while LT50 for exposed Lip-U was not reached within 144 h in 611 

all repetitions. For Lip-F, LT50 increased from 21.7 ±7.91 h (control) to 33.0 ±19.2 h (exposed), 612 

indicating a moderate delay in mortality following exposure. 613 

 614 

 615 

Figure 7: S. frugiperda mortality over time after sunlight treatment. Cumulative mortality (%) of L2 616 

larvae exposed to Lip-F (formulated), and Lip-U (unformulated) bioinsecticide preparations 617 

measured from 24 to 144 h. Solid lines represent non-exposed controls (No SL), dashed lines 618 

represent SL-exposed samples. Shaded ribbons indicate pooled Wilson 95% confidence intervals 619 

computed from cumulative deaths summed across four independent repetitions (n = 24 larvae per 620 

replicate, and condition). 621 
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The mortality curves show that sunlight exposure reduced killing for both products, but the magnitude 622 

differed strongly between formulations. For Lip-U, sunlight exposure caused a pronounced, and 623 

persistent loss of efficacy, with mortality remaining low throughout the assay, and reaching only 33–624 

38% at 144 h, compared with 88–100% in the paired controls. This matches the endpoint statistics, 625 

where the exposure effect at 144 h was large (common OR 0.038, CI95%: 0.015–0.098), and the 626 

absolute endpoint change was substantial (Δ[SL − control] −0.573 ±0.063). In contrast, Lip-F retained 627 

high bioactivity after exposure where mortality under sunlight exposure rose to 83–100% by 144 h, 628 

and remained close to the control trajectory, consistent with a smaller exposure effect (common OR 629 

0.217, CI95%: 0.058–0.80) , and a modest mean endpoint decrease (Δ[SL − control] −0.094 ±0.099). 630 

4 Discussion  631 

Across the four independent cultures, the coherent evolutions of pO2, rCO2, and rO2 confirm a classical 632 

Bt growth trajectory characterized by an initial oxidative growth phase followed by a nutritional-633 

limited transition into stationary phase, and sporulation. In our tightly controlled 72 h cultures, Btk 634 

Lip followed the expected pattern of rapid growth followed by sporulation. During the first 10 h the 635 

culture showed a sharp decline in pO2, and a spike in CO2 emission, reflecting an intense aerobic 636 

growth phase. Such high-respiration conditions are known to drive high cell, and spore yields. In a 637 

study, Boniolo et al., (2012)31 found that maintaining pO2 at 50% drastically increased biomass, and 638 

spore production. In our runs, the later decline in CO₂ output , and recovery of pO2 coincided with 639 

nutrient exhaustion, and the on-set of stationary phase, consistent with the well-known trigger of 640 

sporulation by nutrient depletion32. This timing, vigorous early respiration followed by growth arrest, 641 

aligns with established Bt kinetics, and confirms that our engineered process reliably captured the 642 

growth-to-sporulation transition. Notably, we observed transient artifacts in the respiratory quotient 643 

(RQ) whenever rO2 or rCO2 approached zero (e.g. at very early [<5 h] or late times [40 h] when 644 

bioactivity was low or metabolism nearly ceased). These near‐zero values are often due to analyser 645 

limits rather than biology, so those periods were filtered in analysis. 646 

The cultures used a WB complex medium, an agro-industrial by-product chosen for cost-effectiveness 647 

33. Wheat bran supplies a mix of carbohydrates, proteins, and minerals, and has been shown to support 648 

robust Bt growth, and δ-endotoxin production. Its composition, however, contains only 3% protein-649 

bound nitrogen21, so nitrogen is typically growth-limiting. Despite this, the Lip strain achieved high 650 

final cell density, and complete sporulation. This suggests that the rich carbon content, and 651 

micronutrients in the WB medium compensated for any nitrogen shortfall. In sum, our off-gas 652 

profiles, and production kinetics match prior reports that the WB-based medium effectively replaces 653 
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synthetic media for Bt fermentation, driving the characteristic aerobic growth, and nutrient-limited 654 

sporulation phases that yield high spore, and Cry-protein14. 655 

Beyond supporting biological interpretation, the synchronized time series of on-line physico-656 

chemical signals (pO2 under controlled aeration/agitation, and off-gas–derived rCO2/rO2) together with 657 

bioperformances readouts (spores, and toxin-associated proteins) constitute the core dataset required 658 

for dynamic, and hybrid model validation. Recent work on dynamic hybrid modelling (DHM) for Bt 659 

biopesticide production on industrial substrates, including WB, couples mechanistic mass balances 660 

with data-driven estimators of protein/spore kinetics, and emphasizes that accurate DHM construction 661 

depends on sufficiently dense experimental trajectories for the key state variables 662 

(biomass/substrate/protein/spores), and on reliable phase-transition information from growth, 663 

sporulation to lysis34. Off-gas monitoring is particularly valuable here because CO₂ in the exhaust gas 664 

has been shown to track the transition between vegetative growth, sporulation, and mature 665 

spore/crystal release, providing high-frequency “soft-sensor” information that strengthens 666 

identifiability, and makes models more transferable to scale-up , and control contexts35. 667 

After validating that the upstream process reliably reaches the intended trajectory, the next critical 668 

step is to verify that downstream processing does not compromise the two main “active” fractions of 669 

Bt products-viable spore, and Cry proteins-because both can be sensitive to thermal, and desiccation 670 

stress. Spray drying is often associated with losses that depend strongly on process severity, especially 671 

outlet temperature, and matrix composition. Studies have shown measurable reductions in Bt spore 672 

viability, and crystal-protein content under harsher spray drying conditions, while milder settings, 673 

and protective additives can bring performance close to freeze-drying 36. In this context, the 674 

agreement across complementary QC readouts (total, and heat-resistant CFU, Bradford protein, Cry-675 

b, and integrity by SDS–PAGE, and densitometry of Cry b) supports that the spray drying workflow 676 

in this study preserves formulation functionality rather than merely producing a stable powder. More 677 

broadly, the findings align with the logic established in recent fluid bed–dried formulation work14, 678 

where a wheat-bran-based production combined with a downstream drying/formulation strategy 679 

maintained biologically relevant quality, and enabled robust bioactivity benchmarks against Delfin®.  680 

SDS–PAGE analysis revealed a clear, and well-defined protein banding pattern in the formulated 681 

sample. A prominent intense band was observed in the high molecular weight region, consistent with 682 

the expected size range of Cry proteins, accompanied by additional discrete bands at lower molecular 683 

weights. The absence of extensive band smearing or the appearance of multiple low-molecular-weight 684 

fragments indicates that no significant protein degradation occurred during fermentation, and 685 
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downstream processing. The preservation of distinct bands, and their relative intensity confirms the 686 

structural integrity of the protein fraction in the final formulation, in agreement with the total protein 687 

quantification results. 688 

Estimation of Cry protein content by densitometric analysis of the expected Cry bands (Table 2) 689 

yielded lower values than those obtained by total soluble protein quantification, as expected. This 690 

difference reflects the fact that Bradford analysis after NaOH treatment measures the overall pool of 691 

alkali-solubilized proteins, including Cry proteins together with other soluble protein components 692 

released from the spore-crystal preparation, whereas densitometry specifically estimates the intensity 693 

of the visible Cry bands on the SDS-PAGE gel. The similar densitometric Cry values obtained for 694 

both samples, despite differences in total soluble protein concentration, indicate that total protein 695 

content cannot be used as a direct proxy for Cry protein concentration. 696 

The morpho-granulometric data show that the apparent “fineness” of the powders depends strongly 697 

on whether particle size is interpreted from number-based or volume-based distributions, and this 698 

distinction is central for linking formulation design to handling, and application performances. In the 699 

dry state, the number-based distributions indicate that Lip-U, and Lip-F are dominated by a ~10–20 700 

µm population and are therefore visually/structurally finer than the commercial reference. However, 701 

the volume-based distributions reveal that a relatively small fraction of large entities carries a 702 

disproportionate share of the total mass/volume, meaning that coarse agglomerates (or granule-like 703 

structures) remain formulation-relevant even when number-based metrics appear similar. This 704 

“hidden” coarse tail is fully consistent with the behaviour reported for the fluid bed–dried Lip 705 

formulation described by Nasreddine at al. (2026)14, where all dry powders were multimodal, and 706 

broad, and where Delfin® displayed the highest coarse contribution by number while volume 707 

fractions were dominated by particles >30 µm—interpreted as granulation/agglomeration during 708 

downstream processing, and formulation. 709 

After resuspension (wet way), the key outcome is the markedly improved dispersion of Lip-based 710 

products relative to Delfin®. The number-based distributions shift into the 1–2 µm range, and in this 711 

size class a substantial portion of the measured “fine fraction” is expected to correspond to biological 712 

units (single spores, and spore–crystal complexes) rather than carrier dust. This interpretation is 713 

supported by published measurements showing spores/crystals in the micrometre range for Bt, which 714 

overlaps the population <5 µm captured by imaging-based granulometry 37. Crucially, the volume-715 

based distributions demonstrate that Delfin® retains a persistent coarse fraction in suspension, 716 

including particles >100 µm, whereas Lip-F show no detectable >100 µm volume fraction, indicating 717 
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near-complete desegregation, and reduced aggregation persistence in the spray suspension. This 718 

reproduces the most important physical advantage previously shown for the fluid bed–dried Lip 719 

product, elimination of persistent insolubilized coarse particles in the applied suspension state, 720 

suggesting that this is a robust property of the Lip-based formulation strategy rather than an artefact 721 

of one specific drying technology14. From an operator-safety standpoint, the presence of sub-5 µm 722 

particles is relevant because occupational aerosol conventions define inhalable, thoracic, and 723 

respirable fractions based on aerodynamic diameter (not geometric size), and these fractions are 724 

typically evaluated via standardized dustiness methods for bulk materials (EN 15051-2:2013). 725 

Importantly, because the fine population in Bt powders can substantially overlap the intrinsic size of 726 

spores/crystals, a high number-based fraction <5 µm does not automatically imply excessive 727 

formation of respirable carrier fine rather it highlights the need to interpret number-, and volume-728 

based distributions together, and—if required for regulatory dossiers—to complement geometric 729 

granulometry with dustiness/aerodynamic assessments (ISO 7708:1995). The improved dispersion 730 

characteristics of the Lip-based formulations should be interpreted alongside their broader biosafety 731 

evidence base. Recent toxicological/ecotoxicological assessments of fluid-bed Lip formulations 732 

reported low adverse effects in aquatic non-target assays compared with the commercial reference, 733 

supporting that the formulation strategy can improve physical functionality without introducing 734 

obvious new hazard signals under the tested conditions38. 735 

The efficacy of Bt–based products depend not only on intrinsic toxicity but also on formulation-736 

driven properties that control suspension stability, spray-tank homogeneity, deposition on foliage, 737 

and persistence of active components after application. Static multiple light scattering (SMLS) 738 

measurements obtained using the Turbiscan instrument provide a sensitive means of probing these 739 

formulation-relevant processes by resolving sedimentation, and clarification kinetics along the 740 

sample height under quiescent conditions23. Importantly, such measurements allow discrimination 741 

between uniform decantation, hindered settling, and structurally evolving sediments—modes that 742 

have distinct implications for handling, and biological performance. 743 

In this framework, Lip-U represents an unformulated baseline corresponding to a raw spray-dried 744 

biomass. Its pronounced bottom-zone backscattering signature, and large cumulative ΔBS response 745 

are consistent with the formation of an optically dense, and continuously evolving sediment structure. 746 

Similar behavior has been reported for concentrated biological , and colloidal suspensions in which 747 

fine particles , and cohesive aggregates promote gradual consolidation rather than rapid clarification 748 

of the bulk39
⁠

,40. From an application perspective, such behavior may lead to extended turbidity in the 749 
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spray liquid but also to the development of a structured sediment that requires substantial agitation to 750 

redisperse, potentially compromising dose uniformity during application41. 751 

The comparison between the formulated prototype Lip-F, and the commercial reference Delfin® 752 

highlights the impact of formulation design on stability, and by extension, potential efficacy. Delfin® 753 

exhibits early, and spatially uniform clarification, a behavior indicative of rapid decantation, and 754 

efficient packing of sedimented particles. Uniform clarification profiles of this type have been 755 

associated with relatively coherent settling, and fast stabilization of the sediment bed. While such 756 

behavior yields a visually clear supernatant, previous formulation studies have emphasized that rapid 757 

clarification can increase the risk of concentration gradients in spray tanks under insufficient 758 

agitation, potentially leading to variable delivery of the active ingredient during application 42. By 759 

contrast, Lip-F displays delayed, and more localized clarification together with reduced bottom-zone 760 

densification compared to Lip-U. The inclusion of lactose is likely to play a key role in this behavior, 761 

as carbohydrate matrices are widely used in microbial formulations to stabilize biological material 762 

during drying, and rehydration, and to modulate interparticle interactions upon dispersion 43. Such 763 

excipients can reduce excessive aggregation, and alter sediment packing, leading to progressive 764 

clarification, and less compact sediment formation, features that have been linked to improved re-765 

dispersibility, and handling properties in plant protection formulations. 766 

The presence of TiO₂ in Lip-F further strengthens an efficacy-oriented interpretation of the observed 767 

stability patterns. TiO₂ has been extensively reported as an effective ultraviolet protective additive 768 

for Bt formulations, enhancing spore survival , and toxin persistence under ultraviolet exposure 44. 769 

The Turbiscan data indicate that, despite the high refractive index of TiO₂45, Lip-F does not exhibit 770 

exaggerated bottom-zone backscattering compared with the baseline formulation, suggesting that 771 

TiO₂ is integrated into a formulation matrix that modifies sediment structure rather than simply 772 

increasing optical contrast. This balance between modified sedimentation behavior , and sunlight 773 

protection is particularly relevant for field efficacy, where persistence on leaf surfaces , and resistance 774 

to environmental degradation are critical determinants of biological performance46. 775 

Taken together, the stability signatures observed by SMLS support a mechanistic hypothesis in which 776 

Lip-F offers a more favorable compromise between suspension persistence, and controlled 777 

sedimentation than both the unformulated biomass (Lip-U), and the commercial reference Delfin®. 778 

Slower, front-like clarification combined with moderated bottom-zone densification is expected to 779 

facilitate more uniform delivery during spray preparation, and application, while TiO2 contributes to 780 

enhanced post-application persistence through sunlight protection. Similar relationships between 781 
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formulation-driven stability, handling properties, and biological efficacy have been reported for 782 

microbial biopesticides, where improved dispersion behavior translated into more consistent insect 783 

control47. 784 

Overall, while Turbiscan measurements do not directly quantify biological activity, they provide 785 

formulation-relevant indicators that align with established links between physical stability, 786 

application behavior, and efficacy. Within this context, Lip-U serves as a useful baseline for intrinsic 787 

biomass behavior, Delfin® exemplifies rapid, and uniform sedimentation, and Lip-F emerges as a 788 

formulation that strategically modulates sedimentation dynamics while incorporating proven 789 

efficacy-enhancing components. These physico-chemical characteristics provide a plausible 790 

mechanistic basis for the improved or sustained bio-efficacy observed for Lip-F in comparative 791 

bioassays and support its further development as an optimized Bt formulation. 792 

Moving to the biological relevance of the Lip-F. Across the five target pests, the baseline Probit 793 

bioassays support a clear efficacy message, that Lip-F retains commercial-benchmark activity across 794 

taxonomically diverse Lepidoptera, and where differences occur, they are expressed primarily as 795 

potency shifts rather than altered dose–response shape. This interpretation is strengthened by the 796 

parallelism outcomes—non-significant slope differences imply that the formulations behave similarly 797 

in how mortality scales with dose, which is consistent with a shared Cry-toxin mode of action, and a 798 

comparable “delivery/toxicity” relationship across products. In the Bt literature, such patterns are 799 

common: commercial Btk products can differ by several-fold in LC50 against the same insect, and 800 

these differences are often attributed to formulation composition, and Cry-profile rather than a 801 

fundamentally different response mechanism48. The absence of treatment separation in species such 802 

as S. frugiperda is also biologically plausible given the known variability in susceptibility of this pest 803 

to different Cry proteins, and Cry mixes, where potency depends strongly on toxin type, receptor 804 

interactions, and protein stability in the midgut49. Where Lip-F diverges from Delfin®, the O. 805 

nubilalis outcome is particularly meaningful because this species is a classical Btk/Cry1Ab-806 

responsive target, and modest formulation-driven potency improvements have been reported when 807 

Cry toxins are protected or better delivered 50. Together, these baseline efficacy data provide the 808 

functional validation needed before interpreting sunlight stability, Lip-F is not only physically stable, 809 

and biochemically intact, but also biologically equivalent to Delfin® under non-stressed conditions, 810 

thus post-exposure divergence can be attributed credibly to differences in environmental protection 811 

rather than initial potency.  812 

Sunlight exposure is a primary reason why Bt products often underperform outside the lab. Sunlight 813 
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(especially UV-A/UV-B) accelerates loss of spore viability, and Cry protein integrity, shortening 814 

residual activity on foliage. This limitation has been recognized for decades, including early 815 

wavelength-dependent inactivation studies, and the long-standing emphasis on “sunscreening” 816 

systems for Bt51. The exposure dataset shows that the formulated product (Lip-F) is substantially 817 

more resilient than the unformulated biomass (Lip-U) at multiple, convergent levels (CFU, protein 818 

integrity, and functional killing), which is exactly the expected signature of effective sunlight 819 

protective formulation. At the CFU level, Lip-F exhibits a much smaller sunlight-induced log 820 

reduction than Lip-U, indicating that the formulation protects spore-associated viability rather than 821 

simply preserving a stable powder. This is consistent with the formulation literature where sunlight 822 

protective architectures (encapsulation, UV absorbers/scatterers) measurably increase post-SL 823 

survival of Bt spores compared to unprotected controls 44. In particular, TiO2 has direct precedent as 824 

a sunlight protectant for Bt, a Scientific Reports study comparing different TiO2 polymorphs showed 825 

significantly higher larval mortality after prolonged UV-A exposure when Bt was combined with 826 

TiO2 (with performance depending on the TiO2 form), supporting TiO2’s role as a practical 827 

photoprotective additive 52. The protection signal is also visible at the protein/SDS–PAGE level. Total 828 

protein retention after exposure is higher in Lip-F than Lip-U, and the post-exposure SDS–PAGE 829 

outcome (marked degradation in Lip-U vs preserved pattern in Lip-F) indicates that formulation 830 

mitigates sunlight-driven damage to the toxin-associated protein fraction. Most compellingly, the 831 

formulation advantage persists at the bioassay level, where sunlight exposure causes a dramatic, 832 

sustained loss of killing for Lip-U but only a moderate effect for Lip-F (endpoint, and time-to-effect). 833 

This pattern is exactly what photoprotection is supposed to achieve, not merely keeping CFU high, 834 

but maintaining functional potency over time after realistic light stress.  835 

Overall, the integrated upstream–downstream dataset demonstrates a robust, and scalable Bt 836 

production-, and-formulation workflow in which process monitoring, product quality, physical 837 

functionality, and biological performance are coherently aligned. Online pO2 and off-gas 838 

(rO2V/rCO2V) trajectories reliably captured the transition from oxidative growth to sporulation, 839 

providing a practical basis to optimize bioproduction by using gas analysis (with pH regulation) to 840 

detect the fall-over into sporulation, , and then reducing operational intensity once sporulation 841 

begins—i.e., stopping pH regulation, lowering mixing to a minimal value, , and stopping aeration or 842 

maintaining only a minimal VVM—to stimulate sporulation while minimizing unnecessary energy 843 

input during late, low-activity phases. Downstream, quality control confirmed preservation of the 844 

active fractions (spores, and Cry proteins), while morpho-granulometry, and suspension stability 845 
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analyses indicated that formulation design governs dispersion, and sedimentation behaviour relevant 846 

to spray application. Functionally, the bioassays confirm that the improved physico-chemical 847 

properties of the Lip-based formulation are achieved without compromising insecticidal performance 848 

relative to the benchmark product. For S. exigua, Lip-U, Lip-F, and Delfin® showed statistically 849 

comparable LC50 values, supporting comparable baseline efficacy under standardized laboratory 850 

conditions. For O. nubilalis, Lip-U, and Delfin® remained equivalent, while Lip-F showed higher 851 

activity, indicating that formulation can enhance potency in specific host contexts without altering 852 

the overall dose–response shape. For G. molesta, Lip-U tended to be less toxic than Lip-F, whereas 853 

both products remained comparable to Delfin® within the confidence intervals. Taken together, these 854 

results support the main conclusion of the study that Lip-F matches the commercial reference in 855 

baseline efficacy, while offering more favourable formulation-driven characteristics—a finer, and 856 

more homogeneous dispersed particle population, improved suspension behaviour, and substantially 857 

improved resistance to sunlight exposure—thereby strengthening the likelihood of consistent 858 

delivery, and persistence after application under field-relevant conditions. 859 
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