
Heliyon 10 (2024) e29458

Available online 16 April 2024
2405-8440/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC license
(http://creativecommons.org/licenses/by-nc/4.0/).

Research article 

In vivo treatment of zinc phosphide poisoning by administration of 
mesoporous silica nanoparticles as an effective antidote agent 

Fatemeh Farjadian a,*, Reza Heidari a, Soliman Mohammadi-Samani a,b 

a Pharmaceutical Sciences Research Center, School of Pharmacy, Shiraz University of Medical Sciences, Shiraz, Iran 
b Department of Pharmaceutics, School of Pharmacy, Shiraz University of Medical Sciences, Shiraz, Iran   

A R T I C L E  I N F O   

Keywords: 
Phosphine poisoning 
Zinc phosphide 
Antidote 
Mesoporous silica nanoparticle 
Rice tablet 
Boric acid 
Aluminium phosphide 

A B S T R A C T   

Mesoporous silica nanoparticles (MSNs) are highly advanced engineered particles with increased 
surface area and extreme adsorption capacity for various molecules. Herein, two types of MSNs 
were synthesized and applied as adsorbents for phosphine gas. One was without functional groups 
(MSN), and the other was post-modified with boric acid (MSN-BA). The structures of MSN and 
boric acid-modified MSN with high surface areas of about 1025 and 650 m2/g, respectively, were 
defined. MSN was found to have particles with sizes around 30 nm by transmission electron 
microscopy (TEM). In the present study, MSNs were used as an antidote to phosphorus poisoning, 
and zinc phosphide (phosphorus) powder was used as the toxic and lethal agent. In vivo analysis 
was carried out on rats to demonstrate the ability of MSNs to chemisorb phosphine gas. In the 
survival percentage assessment, Phos-poisoned animals were kept alive after treatment with 
MSNs, and the MSN-BA-treated group (dose of 5 mg/kg) was shown to have a 60 % survival rate. 
Blood serum analysis showed that MSNs have a high potential to alleviate organ blood damage, 
and serum biomarkers dropped sharply while phosphine-poisoned animals were treated with 
MSN-BA.   

1. Introduction 

One of the growing areas of nanotechnology is nanomedicine. It offers excellent solutions to obstacles in pharmaceutical science 
and the clinic: by recruiting nanoparticles, and new drug formulations with greater therapeutic efficacy and fewer side effects [1]. 
Several types of nanoparticles made of different materials, including polymers [2], graphene and graphene oxide [3], metallic [4], and 
silica [5], have been created and used for pharmaceutical purposes. Particles with higher surface areas have maximum adsorption 
capacity, and MSNs are a distinctive material with well-ordered porosity and high surface area. These materials are produced by using 
surfactants as directing agents. MCM-41 is one of the most widely used types of MSNs, prepared using cetyltrimethylammonium 
bromide (CTAB) as the directing agent. After the removal of CTAB, well-defined pores appear [5], and surface functionalization by 
post-modification is possible [6]. Mesoporous silica has a wide range of applications including in catalysis [7], wastewater purification 
[8,9], solid-phase extraction [10,11], sensors [12] and pharmaceuticals [13]. The masterpiece of MSN applications is in drug delivery, 
which can provide a unique platform for the loading and release of therapeutic agents [14] and is sometimes used for theranostic 
purposes [15–17]. 

On the other hand, MSNs have been defined as excellent candidates for the adsorption of metals and drugs [18,19]. These 
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capabilities have been invoked in the design of antidotes for certain toxins, and the term was introduced by Farjadian et al. in 2015. 
Paracetamol and phenobarbital were adsorbed onto MSNs and showed greater adsorption affinity than activated charcoal, which is an 
effective antidote for several poisonings [20]. In this way, several in vivo experiments were carried out to demonstrate the potential of 
using MSN as an antidote for various toxins. Ethylenediaminetetraacetic acid-modified MSN was an effective iron and copper 
adsorbent when administered successfully in metal-induced toxicities [21,22]. 

In addition, succinic acid-substituted MS acted as an ammonia adsorbent and was used to treat hepatic encephalopathy [23]. Other 
researchers have also administered thiol-modified MS as an adsorbent for mercury in an animal model [24] and for the treatment of 
liver toxicity and iron-induced oxidative stress [25]. 

Aluminum phosphide (ALP) or zinc phosphide (Phos), known as rice tablets in Iran, is commonly used to protect agricultural grains 
from insects and rodents [26]. These chemicals are highly toxic to humans and animals and can release phosphine gas (PH3) when in 
contact with moisture. Inhalation of this gas can induce severe toxicity [27]. In some parts of Asia, including India, Iran, and Sri Lanka, 
these tablets can be either accidently ingested or abused for suicide [28]. Phosphine gas poisoning is reported to have a high mortality 
rate [29]. The lethal dose 50 (LD50) of Phos in humans was reported to be 80 mg/kg and a toxic dose of 4–5 g intake [30]. In one case 
study, the fetal dose of aluminum phosphide poisoning was 150–500 mg/70 kg, with a mortality rate of 70–100 % [31]. However, the 
lethality of phosphine could be variable for different Phos and ALP due to their reactivity to acid and the amount of phosphine released 
in the body. Previous animal studies reported an LD50 of 40 mg/kg of phosphine in mice [22] and a single LD100 dose of 20 mg/kg of 
ALP in rats [32]. In the current study, a supra-lethal dose of ALP (40 mg/kg in rats) was used to ensure the antidotal effect of the 
investigated MSNs. As no definite antidote agent is introduced for the treatment of such toxicity, emergency supportive therapies are 
necessary as soon as possible at the referral toxicology centers of hospitals to rescue the affected patients. Some usual treatments are 
the administration of sodium bicarbonate, antioxidants (e.g., vitamin C), N-acetylcysteine, and mitochondria-protecting agents (e.g., 
dihydroxyacetone) [33,34]. Although these strategies could enhance patients’ survival, there are no specific treatments for this 
complication. 

Recently, Farjadian et al. repurposed sevelamer as an antidote to ALP and evaluated it in the in vivo experiments. Sevelamer 
administration in animal models poisoned with ALP could survive them and significantly reduce blood biomarkers of organ damage 
[35]. 

In continuation of our efforts in introducing MS as an antidote agent for several toxins [20,21,23,36], MSNs are utilized to treat 
Phos-induced toxicity. In this regard, two types of MSNs were prepared, one without a functional group (MSN) and one functionalized 
with boric acid (MSN-BA). Animal studies were conducted in 6 groups of Sprague-Dawley rats, divided into control, Phos-treated, 
Phos-treated with MSN, and Phos-treated with MSN-BA. Two sets of tests were performed: one set monitored survival; the other 
measured serum biochemistry and adenosine triphosphate (ATP) levels; the results were compared to assess the effect of MSNs in 
reducing Phos toxicity in vivo. 

2. Experiments 

2.1. Animals 

Sprague Dawley (200–250 g) rats were obtained from the Animal Breeding Center of Shiraz University of Medical Sciences (SUMS). 
The animals were placed in a standard polystyrene cage in a lumbering bed at 23 ± 2 ◦C temperature and humidity of ≈40 %. Food and 
fresh water were available in their cage. The animals were treated following the instructions approved by the local ethics committee of 
SUMS in the project with this Ethical Code: IR.SUMS.REC.1395.S823. 

3. Materials 

Tetraethyl orthosilicate (TEOS) and CTAB were bought from Merck Chemical Company. (3-aminopropyl) triethoxy silane (APTES) 
and boric acid were obtained from Sigma-Aldrich. Solvents were prepared from Kimia Mavad, Iran. Zinc phosphide (Phos) was 
purchased from Sigma-Aldrich. 

3.1. Instruments 

Fourier transform infrared (FTIR) spectroscopy was carried out to determine the functional groups in the MSNs using the Bruker 
VERTEX70 instrument. X-ray diffraction (XRD) spectroscopy was used to determine the crystallinity pattern using MPD 3000 D8, an 
advanced Bruker, AXS instrument. The pore sizes of MSNs were measured by nitrogen adsorption and desorption techniques (Belsorp 
Mini II). Thermogravimetric analysis (TGA) (Mettler, Toledo) was used to determine the amount of boric acid in MSNs. A Zeiss in-
strument (EM10C-80 KV) was used for transmission electron microscopy (TEM). Scanning electron microscopy (SEM) was performed 
on a MIRA3 TESCAN instrument. Serum biochemistry was measured using existing commercial kits, Mindray BS-200® autoanalyzer, 
and Pars Azmun® (Tehran, Iran) standard kits to assess organ damage of serum markers. 
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4. Methods 

4.1. Synthesis of mesoporous silica without functional group (MSN) 

A controlled-sized technique synthesized mesoporous silica using our previous procedure [20]. First, CTAB (0.62 mmol) was 
dissolved in a deionized (DI) water solution of 0.5 M ammonia and stirred at 1500 rpm. Then, an ethanolic solution (20 ml) of TEOS 
(0.7 mmol) was added dropwise for 10 min to the stirring solution. After 2 h of mixing, another portion of an ethanolic solution (10 ml) 
of TEOS (1.3 mmol) was added similarly. Then mixing continued for 24h at 50 ◦C, 1500 rpm. Finally, the resulting product was ac-
quired by centrifugation (3 × 10 min, 18,000 rpm) and purified by washing with DI water ( × 1), ethanol ( × 2), and acetone ( × 1), 
then samples were dried in an oven at 50 ◦C overnight. The resulting powder was then admixed in an ethanol solution containing 
hydrochloric acid (2 ml HCL, 100 ml ethanol) and refluxed for 24 h to separate CTAB. Then, the synthesized sample was purified and 
dried the same way as in the previous step. 

4.2. Synthesis of boron siloxane mesoporous silica (MSN-BA) 

Boron siloxane was prepared by the reaction of MSN with boric acid. By this means, MSN (0.3 g) was reacted with boric acid (0.15 
g) in DI water (50 ml) and refluxed for 20 h at 70 ◦C. The sintered glass filtered the mixture and washed it with DI water, ethanol ( × 3), 
and acetone. The product was dried in an oven at 100 ◦C overnight. 

4.3. In vivo animal study 

Male Sprague-Dawley rats (n = 36) were used. The animals were categorized into six groups as follows (n = six animals/group): 1) 
control group (receiving 1 ml/kg olive oil orally), 2) Phos. -treated group received zinc phosphide orally, 40 mg/kg in olive oil, 3) this 
group received zinc phosphide orally, 40 mg/kg zinc phosphide in olive oil, plus MSN (1 mg/kg, gavage), 4) the group received zinc 
phosphide orally, 40 mg/kg in olive oil + MSN (5 mg/kg, gavage), 5) the group received zinc phosphide orally, 40 mg/kg Phos. in olive 
oil + MSN-BA (1 mg/kg, gavage), 6) the group received Phos. orally, 40 mg/kg phosphorus in olive oil + MSN-BA (5 mg/kg, gavage). 

Two series of animals with described divisions were monitored for two kinds of assessment. The survival percent was evaluated in 
the first series of animals by recording the mortality rate for seven consecutive days. In the other groups, animals were anesthetized 
(24 h after Phos. poisoning) by thiopental 100 mg/kg, i.p., and blood samples were collected from the abdominal aorta, and transferred 
to standard tubes, and centrifuged (3000 g, 10 min, 4 ◦C) to obtain serum. 

Blood samples were used to measure the markers of organ injury, including lactate dehydrogenase (LDH), alanine aminotransferase 
(ALT), aspartate aminotransferase (AST), and creatine kinase-myocardial band (CK) levels. Heart, brain, liver, and kidney tissue 
samples were also evaluated for ATP content. 

4.4. Tissue ATP levels 

A commercial kit (ENLITEN®, Promega) was used for the assessment of tissue ATP levels using a luminescence intensity assessment 
method [37,38]. Brain, heart, liver, and kidney samples (500 mg) were homogenized in a Tris-HCl buffer (5 ml of 40 mM solution, 
4 ◦C). Then, 100 μl of trichloroacetic acid (0.3 % w: v) was added, mixed well, and incubated on ice (10 min). Then, samples were 
centrifuged (16000 g, 20 min, 4 ◦C), and the supernatant was collected to determine tissue ATP level. The luminescence intensity was 
determined at λ = 560 nm (FLUOstar Omega® plate reader, BMG Labtech, Germany) [37,39]. 

Fig. 1. Schematic illustration of the synthesis of MSN and MSN-BA.  

F. Farjadian et al.                                                                                                                                                                                                      



Heliyon 10 (2024) e29458

4

4.5. Statistics 

Data are presented as mean ± SD. One-way analysis of variance (ANOVA) with Tukey post hoc test was used to compare exper-
imental groups. A P < 0.05 was considered a statistically significant difference. 

5. Results 

5.1. Synthesis and characterization of MSNs 

In nanomedicine, mesoporous structured materials made of silica have received particular attention. In recent years, novel ap-
proaches have been introduced in the application of MS for managing toxicity in animal models [20–23]. In this context, two types of 
MSNs have been prepared, characterized, and used in animal models of phos-induced toxicity. The MSNs were prepared with the 
MCM-41 pattern following our previous size control technique and were used in animal models of Phos-induced toxicity [20]. The 
synthesis strategy of MSN and MSN-BA is depicted in Fig. 1. To synthesize MSN, TEOS was added to an aqueous medium of CTAB, and 
MSN was formed in a sol-gel process. For the preparation of borosilicate MSN (MSN-BA), the resulting product was then reacted with 
boric acid [40]. 

Boric acid is a weak Lewis acid with an empty p orbital, which can react with phosphine species with lone pair electrons [41]. As 
illustrated in Fig. 1, MSN-BA reacts with phosphine gas and produces MSN-BA-Phos. Boron reaches the octet rule in this reaction, and 
highly toxic phosphine gas can make an inert compound, MSN-BA-Phos. 

FT-IR spectroscopy was carried out to define the functional groups in MSN and MSN-BA; the spectra are shown in Fig. 1. The results 
obtained on the structure of MSN confirm the presence of Si–O at 1130 cm− 1 and Si–OH at 3400 cm− 1 after the reaction of boric acid 
with MSN and its formation of MSN-BA, the new peaks appeared in the FTIR spectrum and the characteristic bands of Si-OB and B–O 
appeared at 609 cm− 1 and 1862 cm− 1 respectively (Fig. 2). 

To determine the crystalline or amorphous nature of the MSN structure, two types of XRD spectroscopy, low angle and wide angle, 
were performed (Fig. 3A). Low angle XRD showed the characteristic band of MSN at 2.5◦ 2theta for the (XYZ) reflection of 100; the 
broad peaks around 10◦ and 25◦ could be due to the particles’ small size and amorphous structure. Wide angle XRD spectroscopy was 
performed on MSN-BA, and the broad bands at 10◦ and 25◦ were representative of the amorphous group of SiO2 in the structure; a 
small broad peak appeared at a 40–50◦ 2theta angle, as characteristic of boron oxide (Fig. 3B) [42]. 

TGA analysis of MSN and MSN-BA was carried out to determine the boron silicate content; at around 350 ◦C, MSN-BA showed a 
sharp decrease in weight loss, correlating with the oxidation of boron (Fig. 4A) [43]. The difference in weight loss percentage between 
MSN and MSN-BA is approximately 5 % in the B–O groups. An EDX analysis was carried out as further evidence for the determination 
of the boron density on MSN-BA, and it was found that boron has a weight of 31 % on MSN-BA (Fig. 4B). 

To determine textural parameters such as surface area (m2/g), pore size (nm), and pore volume (cm3/g) of MSNs, N2 adsorption- 
desorption analysis was performed. Texture parameters are presented in Table 1; two methods, Barret-Joyner-Halenda (BJH) and 
Brunauer-Emmett-Teller (BET), extracted texture parameters from adsorption and desorption data. A large surface area of 1025 m2/g 
was measured for MSN by BET, while for MSN-BA, this was reduced to 650 m2/g due to pore occupancy with boric acid; comparing the 
results shows that MSN reacted successfully with boric acid. As a representative, the BET and BJH plots of the MSN-BA of N2 
adsorption/desorption are shown in Fig. 5. Herein, BET theory explains the physical adsorption of N2 on the porous structure of MSN, 
and the plots showed the relationship between adsorbed gas and the amount of pressure, which resulted in the extraction of surface 
area data. Type II isotherm is observed for MSN-BA (Fig. 5A), demonstrating mono-layer N2 adsorption at low and multilayer 
adsorption at medium pressure. BJH is a method for pore size calculation based on adsorption and desorption of N2 gas at 77 K. BJH 
plot (Fig. 5B) shows the presence of meso-sized pores around 2 nm in the structure of MSN-BA. 

Fig. 2. FT-IR chromatograms of MSN and MSN-BA.  
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Fig. 3. XRD spectrum of A) MSN and B) MSN-BA.  

Fig. 4. (A) Thermograms of MSN and MSN-BA, and (B) EDX spectrum of MSN-BA and elemental percent Table.  

Table 1 
Textural BET and BJH parameters of MSN and MSN-BA.  

Sample BET method BJH method 

Surface area (m2/g) Total Pore volume (cm3/g) Pore diameter (nm) Surface area (m2/g) Pore volume (cm3/g) Pore diameter (nm) 

MSN 704.76 0.976 3.68 1025 1.54 2.97 
MSN-BA 747.58 0.539 2.99 650.69 0.533 2.41  

Fig. 5. (A) BET isotherm and (B) BJH pore size distribution plots of MSN-BA.  
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SEM images were taken to assess the morphology of MSN and MSN-BA (Fig. 6A–C), as shown in the figures, MSN has particles of a 
similar size and uniform distribution. MSN-BA (Fig. 6 B&C), as shown in the figures, MSN has particles of similar size and uniform 
distribution. Particles were synthesized through controlled-size techniques, and observing uniform particles was a result of this 
synthetic strategy. 

TEM was conducted to confirm a more acute estimation of sizes and porous structure (Fig. 7). TEM images showed that MSN was 
well-ordered with high porosity, and particles have sizes around 30 nm. 

Fig. 6. SEM images of (A) MSN and (B&C) MSN-BA.  

Fig. 7. (A) TEM images of MSN.  

Fig. 8. The MSN and MSN-BA effects on Phos mortality. Rats were treated with a single dose of zinc phosphide (40 mg/kg, gavage), and their 
survival was monitored for seven days. 
MSN: Mesoporous silica nanoparticles 
* Significant difference compared to phos-treated rats (P < 0.001). 
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5.2. In vivo study 

In vivo studies were performed to determine the ability of MSN to adsorb phosphine gas in an animal model of phosphine poisoning, 
using two series of rats divided into six groups as described in the Methods section. The zinc phosphide (Phos) poisoned animals 
received a highly toxic dose of this compound (40 mg/kg); four groups of animals were treated with MSN and MSN-BA at two doses (1 
and 5 mg/kg); the first series of animals were observed for seven repeated days and their survival rates were recorded (Fig. 8). The 
results show that all animals in the control group were alive, whereas all in the Phos-poisoned mice died after less than 48 h, while 
MSN-BA-treated mice survived to some extent. The survival rate for recipient groups of MSN and MSN-BA in low doses (1 mg/kg) was 
15 % for MSN and 35 % for MSN-BA (Fig. 8). By increasing the dose of MSNs to 5 mg/kg, the survival rate was reached up to 70 % for 
MSN-BA and around 50 % for MSN (Fig. 8). The survival rate for MSN-BA was significantly higher than that of MSN-treated animals. 
These data indicate the survival rate for the equivalent doses of MSN and MSN-BA was higher for boric acid-functionalized MSN in the 
current study (Fig. 8). Hence, we could conclude that MSN-BA is a more potent antidote than MSN (Fig. 8). 

The second series of animals had their blood samples analysed to determine the possible changes in serum biomarkers due to organ 
injury; biomarkers, including ALT, AST, LDH, and CKMB were measured, and the corresponding plots are shown in Fig. 9 A-D. Analysis 
showed that biomarkers of organ injury were significantly reduced in the MSN-treated groups compared to the Phos. group, indicating 

Fig. 9. Serum biochemical measurements in zinc phosphide-treated rats. Animals were treated with Phos (40 mg/kg). MSNs were administered 2 h 
after Phos poisoning. Serum biomarkers of organ injury were monitored 24 h after Phos intoxication. Measered factors including ALT (A), AST(B), 
LDH (C), and CKMB (D) are depicted. 
Data are represented as mean ± SD (n = 6). a Significant difference compared to the control group (P < 0.01). Asterisks indicate significant dif-
ference as compared with the Phos-treated group (*P < 0.05, **P < 0.01, and ***P < 0.001) ns: Not significant as compared with the Phos- 
treated group. 
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that MSN-BA (5 mg/kg) was more effective in inhibiting organ injury. 
Tissue ATP levels were measured in different organs like the brain, kidney, heart, and liver (Fig. 10A–D). In Phos. poisoned group 

the ATP levels in several organ tissues were dropped due to disfunction of cells mitochondria. In Phos-treated animals. Furthermore, in 
MSN and MSN-BA (1 and 5 mg/kg) treated groups, the ATP content was higher than Phos. Group. (Fig. 10A–D). 

6. Discussion 

In recent years, MSNs have found their way into biomedicine and nanomedicine. Predictably, MSNs surpass all the requirements to 
be selected as nanoformulations and are widely used as available drugs in the market [44,45]. The high adsorption capacity of such 
materials is an essential factor in their pharmaceutical applications, and we’ve coined a new term for using MSNs as an antidote. This 
means that MSNs could be recruited as an adsorbent or antidote for some life-threatening intoxications with mineral or organic toxins 
when administered orally or to humans, a claim supported by several in vivo experiments [20,21,23]. 

In this paper, bare MS nanoparticles (MSN) and boric acid-functionalized MSN (MSN-BA) were synthesized and utilized as an 
antidote to zinc phosphide-induced toxicity. MSN was prepared using a controlled-size synthesis technique [20] and reacted with boric 
acid to prepare (MSN-BA). FT-IR spectroscopy showed the successful formation of MSN and the addition of the characteristic bands of 
Si-OB in MSN-BA. Low-angle XRD showed the distinctive band of MSN crystallinity at 2.5◦ 2theta, and wide-angle XRD showed the 
broad bands at 10◦ and 25◦ 2theta, indicating SiO2 amorphous nature. Textural features were determined through N2 adsorption/-
desorption by recruitment of the BET method for surface area analysis and BJH for pore size and volume. A high surface area of around 
1025 m2/g was obtained for MSN by the BJH method, which was reduced to 650 m2/g in MSN-BA. The morphological study of MSNs 

Fig. 10. Heart (A), brain tissue (B), Kidney (C), and Liver (D), ATP levels in Phos-intoxicated rats. 
Data are represented as mean ± SD (n = 6). a Indicates significantly different as compared with the control group (P < 0.01). Asterisks indicate 
significant difference as compared with the Phos-treated group (*P < 0.05, **P < 0.01, and ***P < 0.001). 
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by recording images with SEM and TEM showed the formation of fine MSNs with uniform sizes around 30 nm and well-ordered 
honeycomb porosity particles that were spherical and very well dispersed in aqueous media. Metal phosphide poisoning has the 
highest mortality rate of any toxic element in Asian countries such as Iran. The toxicity results from the release of a highly toxic 
phosphine gas, which shocks vital organs such as the heart and brain, causing the patient to lose consciousness. The lack of a definitive 
antidote to this poisoning and the inaccessibility of advanced care centers are two significant causes of mortality. We recently 
introduced a novel antidote agent, sevelamer, to treat ALP poisoning [35]. 

In 2013, Soltani et al. proposed that boric acid could be an antidote to phosphine. The hypothesis was based on the affinity between 
phosphorous and boron atoms. The chemical reaction between boric acid and phosphine indicates boric acid is an antidote for 
phosphine poisoning [46]. The in vivo experiment also showed that boric acid could be a new antidote for ALP poisoning [47]. 

Management of Phos poisoning was reported in several studies in humans by the administration of Thioguma as a hepatoprotective 
agent [48], a repetitive dose of castor oil [49], and tranexamic acid as antifibrolytic agents [50]. 

Continuing our previous efforts in utilizing MS materials to manage toxicities, in this work, MSN-BA is introduced as an antidote for 
phosphine poisoning. Experiments on rats were performed to show MSN and MSN-BA’s effectiveness in treating zinc phosphide- 
poisoned models. The survival rate showed that both MSN and MSN–BA in a 5 mg/kg dose could reduce mortality risk in poisoned 
animals, and MSN-BA acts more efficiently (Fig. 8). Assessment of organ injury biomarker levels showed that a higher dose of MSN-BA 
(5 mg/kg) could alleviate injury symptoms. According to the proposed mechanism in Fig. 1, MSN-BA can react with phosphine to form 
MSN-BA-Phos, an inert compound that small-sized MSNs can be excreted via urine, as shown in previous studies by He et al. [51]. 

7. Conclusion 

In this work, MSNs were prepared through a controlled size synthesis technique and applied as an adsorbent of phosphine gas 
released in rice tablet poisoning in the in vivo assessment. Two types of MSNs were synthesized: bare and functionalized with boric 
acid. Routine characterization experiments such as FT-IR showed that MSN and MSN-BA had desired functional groups. The mea-
surement of textural parameters showed that MSN-BA has less surface area than MSN due to functionalization with boric acid. MSN 
and MSN-BA could act as an antidote to phosphine gas poisoning. Two sets of in vivo experiments, including survival percentage and 
serum biomarker analysis, were conducted to show that MSN could be applied as a treatment for Phos-induced poisoning. Survival 
percentage showed that Phos-poisoned animals survived when treated with MSN and MSN-BA. Analysis of serum biomarkers of organ 
injury showed that MSN-BA could act more efficiently in lowering the symptoms of organ injury in phosphine-poisoned animals. 
Altogether, MSN could potentially be considered an antidote agent in treating phosphine poisoning. Finally, it is suggested that boric 
acid functionalized MSN compounds with high reactivity with phosphine gas can be regarded as potential antidote in poisoning. 
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