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ABSTRACT

valuable, and diagnosing them in a short period of time remains a challenge. In
this research, an optical nanosensor based on Fourier transform spectroscopy
from a porous silicon integrated with gelatin hydrogel was used to detect bacterial
growth. Gelatin is a pH-sensitive hydrogel that swells quickly with the growth of
bacteria and changes in the pH of the environment. The hybrid of this hydrogel with
porous silicon nanostructure creates a pH-sensitive structure whose refractive index
changes with bacterial growth and pH changes. This change causes a variation in
the effective optical thickness of the hybrid nanostructure, which can be investigated
using Fourier transform spectrometry.
Methods: First, electrochemical etching was used to fabricate porous silicon. In the
next $tep, the oxidized porous silicon surface was functionalized with APTES, which
leaves amine groups on the surface for conjugation with gelatin .Finally, the swelling
behavior of hydrogel in hybrid was investigated in response to environmental pH
changes and then in the presence of different concentrations of bacteria.
Findings: By X-ray energy dispersive spectroscopy in mapping mode and checking
pH sensitive, the distribution of elements, the penetration of the gel into the pores of porous silicon
was observed. By analyzing the Fourier transform spectroscopy of the porous silicone-

Hypothesis: The detection of pathogenic bacteria in food and clinical samples is

nanosensor,

elatin, . 1. U - .
g. . gelatin hybrid in the presence of buffers with different pH levels, it was determined that
porous silicon, due to the swelling of the gel layer and the refractive index of this layer approaching
Eacomeiic e Ernee the refractive index of the surrounding environment, the location of the first peak used

as the fluid peak can be considered as a diagnostic point. The results showed that this
structure has the ability to detect changes in environmental pH as well as bacterial
growth in the concentration range of 10? to 103 cfu/mL.

Fourier transform spectrometry
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Fig. 1. SEM images (a) Surface of porous silicon, (b) Cross-section of porous silicon, and (c) Cross-section of porous silicon after

gelatin deposition, energy dispersive X-ray spectroscopy in shape mapping mode of part ¢ to examine the distribution of elements.
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Fig. 2. (a) Interference reflection spectra of porous silicon after porosity creation, oxidation, surface modification with APTES,

gel deposition and porous silicon-gelatin hybrid in the presence of buffer, (b) Their corresponding Fourier transform spectra, (c)

Comparison of the changes in EOT of porous silicon after porosity creation, oxidation, surface modification with APTES, gel

deposition, and porous silicon-gelatin hybrid (all experiments were performed with at least three repetitions).

VEE T o £ oo aiisg i Jus rasly (53509355 9 ok cpale Az Yys



e (SIS Yl Ao Yousuli ) (Y- JSkstie YgSilum Al 9 (Al

S5 g ROl s se glaads Sl bald pl e el oS
CeSd o2 OG5 5 J5 Y po5 o wdalie
2L 8l e Ol Sel y Lame G oo 4 Y (]
e ol sl B Joee copl ol [V 550 LS Gl (5 L5
O 1) okdiz) 2l EOT e @) ¥ JSCi s Sl jasls
s 3l SO @l 1 bdgows pH s les] = (V 43
sdalie a5 ) boles das o LS OV Pl 5N5 e liis)
WAV nm . Sle SIEOT Jliis & 4 V/E SIpH o5 b o5 e
o554 bl Sl e SRl YT nm s 4 S s
ol PH 3 ol 18 55 S Sl ) alas glls A g
J3oodken e o5 5 b ity ol ol (glaos S e L
Sheiass opl o3 ol ol en EOT il il L aS 555 0 owee

s N Ol gt Al pran O 1o iasy cnl aalsl
S L EOT Ol i e aslie (0 ¥ K3 s ealizal
b Jodse 0 sShes Sl Sl ol plas s islasT s plnl]

s e Ol sV SliiaN

oY 5 oo (3 9Kul Oy g ilike (SBPH 5 4dlta
S 05 Y- Jedse O 5Sn As Wsad e 0l s
o el GLpH L Jploes 5 [NV ] 235518 Sl 5l
oS GBS S s &S Hsboles A els s ised 65 )
WY w0 by e dld wisad o) 5l ddoee sl e bl el
st 05k — V5 &Y 55 5 (B) Y UKa 55 Y 4lB) oY

Sosba Ad Ddd Sl s Cepway ((B) Y IS 53 Y AB)

13300 100 26
pH 3 < = E
At 6 4 E
13250 A = 751 =
= = L 22
£ £ =
£ = ] =)
= 13200 A o 504 F20 5
5 pH 7.4 s u ° .
M ' 5
g . P18 2
13150 4 PHO é 25+ . . .
r =
Moy 2
13100 T T T T 0 T T T T T T T T 14
0 20 40 60 80 6 g8 10 12 14 16 18 20 22
Time (min) Volume of gelatin (mL)
(a) (b)
100
T
z 80 4
=
£ 60 -
=" [
2
l% 40 4 . T
= T
S 20
0 r r r r r T
6 8 10 12 14 16 18 20

Volume of gelatin (mL)

(©)

Ol et Hlie () (YN VUL Sldde U (gl sad a5 b s 0 ((63L) 4 5 (o) ¥ o 22) V/E slapH L Laes 4 ;3 EOT luis (@) -Y IS5
2 BOT ol i 5l anslin (€) oV cilises glaciales 5 slie L glad g 55 (o) ¥ o(2) V/E GlapH L Laes 53 53 EOT
(sl o ool OSS e by las laolesl ) O e s Si5lae U glad gl 53 (o) ¥ () VIE lapH L s 55
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ferent quantities and thicknesses of gelatin, (¢) Comparison of the rate of EOT changes in two environments with pHs of 7.4 (neutral)

and 3 (acidic) in samples with different volumetric amounts of gelatin (all experiments were performed with at least three repetitions).
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Fig. 4. The EOT value of porous silicon-gelatin hybrid in the
presence of different concentrations of Escherichia coli bac-
teria (inner figure: EOT changes compared to the buffer state

in different concentrations of bacteria).
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Fig. 5. EOT changes at different time points during bacterial

incubation.

250 BOT L3l 5 os¥3 Y PoF xS Sl a2ils of pamas

S 5 4o

5 Jiste O SChw eo 4l 2 o8 S SU s ol
AL S, 5l 0 gl Dl i sl gl Y s e
5 b 0 ol B e s Slaasiie 5~k
(e 5 ol APTES SSay bl ol o 0T 2L

5. Babalola O.0., Molecular Techniques: An Overview of Methods
for the Detection of Bacteria, Afi: J. Biotechnol., 2, 710-713, 2003.

6. Matys J., Kensy J., Gedrange T., Zawislak 1., Grzech-Le$niak
K., and Dobrzynski M., A Molecular Approach for Detecting
Bacteria and Fungi in Healthcare Environment Aerosols: A
Systematic Review, Int. J. Mol. Sci., 25, 415, 2024.

7. Nnachi R.C., Sui N., Ke B., Luo Z., Bhalla N., He D., and Yang
Z., Biosensors for Rapid Detection of Bacterial Pathogens in Wa-
ter, Food and Environment, Environ. Int., 166, 107357, 2022.

8. Yi J., Wisuthiphaet N., Raja P., Nitin N., and Earles J.M.,
Al-Enabled Biosensing for Rapid Pathogen Detection: From
Liquid Food to Agricultural Water, Water Res., 242, 120258,
2023.

9. Vazquez-Gutierrez 1.G., Reyes-Lopez M.A., Ochoa S.A., Cruz-



10.

I1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Coérdova A., Hernandez-Castro R., Ordufia-Diaz A., and Xicoht-
encatl-Cortes J., Specific Detection of Uropathogenic Escherich-
ia coli via Fourier Transform Infrared Spectroscopy Using an
Optical Biosensor, ACS Omega, 9, 27528-27536, 2024.
Vercauteren R., Gevers C., Mahillon J., and Francis L.A.,
DesignofaPorousSiliconBiosensor: Characterization,Modeling,
and Application to the Indirect Detection of Bacteria, Biosens,
14, 104, 2024.

Sun X., Agate S., Salem K.S., Lucia L., and Pal L., Hydro-
gel-Based Sensor Networks: Compositions, Properties, and
Applications-A Review, ACS Appl. Bio Mater., 4, 140-162, 2020.
Ma J., Zhong J., Sun F., Liu B., Peng Z., Lian J., and Zhang T.,
Hydrogel Sensors for Biomedical Electronics, J. Chem. Eng.,
481, 148317, 2023.

Sun X., Ding C., Qin M., and Li J., Hydrogel-Based Biosensors
for Bacterial Infections, Small, 20, 2306960, 2024.
DeenG.R.and Loh X.J., Stimuli-Responsive Cationic Hydrogels
in Drug Delivery Applications, Gels, 4, 13, 2018.

Samal S.K., Dash M., Van Vlierberghe S., Kaplan, D.L.,
Chiellini E., Van Blitterswijk C., and Dubruel P., Cationic Poly-
mers and Their Therapeutic Potential, Chem. Soc. Rev., 41,
7147-7194, 2012.

Zwiorek K., Bourquin C., Battiany J., Winter G., Endres S.,
Hartmann G., and Coester C., Delivery by Cationic Gelatin
Nanoparticles Strongly Increases the Immunostimulatory Effects
of CpG Oligonucleotides, Pharm. Res., 25, 551-562, 2008.
Dabbaghi A., Jamshidi H., Zohuriaan-Mehr M.J., Kabiri K.,
and Ramazani A., Biobased Acids in Production of Hybrid
Superabsorbent Polymer Hydrogels: A Review, Iran J. Polym.
Sci. Technol. (Persian), 34,207-231, 2021.

Firouzabadi V.J. and M. Kokabi, Triple Stimuli Responsive
Poly(vinyl alcohol) Chitosan/Nanoclay/Nanosilver Nano-

composite Hydrogel, Iran J. Polym. Sci. Technol. (Persian), 39,

3-14,20109.

Geramipour M., Kurdtabar M., and Bardajee G.R., Synthesis

and Characterization of Iron Magnetic Nanocomposite

Hydrogel Based on Modified Sodium Carboxymethyl Cellulose

Using Acrylamide and Acrylic Acid and Investigation of Drug

Delivery Properties, Iran J. Polym. Sci. Technol. (Persian), 29,

265-275, 2016.

Eshagh S., Abbaspour-Fard M.H., Tabasizadeh M., and

Hosseini F., Effect of Zinc Oxide Nanoparticles on Mechanical,

Thermal and Biodegradability of Gelatin-Based Bio-composite

Properties Films, Iran J. Polym. Sci. Technol. (Persian), 32,

411-426,2019.

22.

23.

24.

25.

26.

27.

28.

29.

30.

3L

e (SISl Sy Yl Ao YouStli ) (Y- JSkStie YgSalum alw 9 (Al

. Ofridam F., Tarhini M., Lebaz N., Gagniére E., Mangin D., and

Elaissari A., pH Sensitive Polymers: Classification and Some
Fine Potential Applications, Polym. Adv. Technol., 32, 1455-
1484, 2021.

Kocak G., C. Tuncer and V. Biitlin, pH-Responsive Polymers,
Polym. Chem., 8, 144-176, 2017.

Wu J. and Sailor M.J., Chitosan Hydrogel-Capped Porous
SiO, as a pH Responsive Nano-valve for Triggered Release of
Insulin, Adv. Funct. Mater., 19, 733-741, 2009.

Tang Y., Zhen L., Liu J.,, and Wu J.,, Rapid Antibiotic
Susceptibility Testing in a Microfluidic pH Sensor, Anal.
Chem., 85,2787-2794, 2013.

Rahimi F., Porous Silicon Biosensors Based on Reflectometric Inter-
ference Fourier Transform Spectroscopy-Theoretical Foundations
and Experimental Results, /ran J. Phys. Res., 21, 251-262, 2021.
Mehmandoust S. and. Rahimi F., BRCA1 Detection by Porous
Silicon Double-Layer Via Reflectometric Interference Fourier
Transform Spectroscopy, Sens. Actuators A: Phys., 364,
114795, 2023.

Perelman L.A., Moore T., Singelyn J., Sailor M.J., and Segal
E., Preparation and Characterization of a pH and Thermally
Responsive Poly(N-isopropylacrylamide-co acrylic acid)/Po-
rous SiO2 Hybrid, Adv. Funct. Mater., 20, 826-833, 2010.
Mushtaq F., Raza Z.A., Batool S.R., Zahid M., Onder O.C.,
Rafique A., and Nazeer M.A., Preparation, Properties, and
Applications of Gelatin-Based Hydrogels (GHs) in the
Environmental, Technological, and Biomedical Sectors, /nt. J.
Biol. Macromol., 218, 601-633, 2022.

Shajari G., Fathi M., and Erfan-Niya H., In Situ Gelling
Hydrogels Based on Biodegradable Polymers for Effective
Ocular Drug Delivery: A Review, Iran J. Polym. Sci. Technol.
(Persian), 36, 575-604, 2024.

Mohammadi S., Rahimi F., Rezayan A.H., Mehrizi, A.A., and
Sedighi M., CRP and TNF-a Detection Using Porous Silicon
Substrate Based on Reflectometric Interference Fourier Trans-
form Spectroscopy, Adv. Mater. Eng., 41, 2022.

Ghiasi Tarzi M., Rahimi F., Abouei Mehrizi A., Jalili Shahmansouri
M., and Ebrahimi Hoseinzadeh., Real-Time Biosens of Growth
Hormone on Porous Silicon by Reflectometric Interference

Fourier Transform Spectroscopy, Appl. Phys. A., 128, 1-8, 2022.

32. Rocha-Garcia D., de Lourdes Betancourt-Mendiola M., Wong-Arce

VY OLT— o <€ 0 plasds astuidbg s Js rols (6399355 9 pole sale Al

A., Rosales-Mendoza S., Reyes-Hernandez J., Gonzalez-Ortega
0., and Palestino G., Gelatin-Based Porous Silicon Hydrogel
Composites for the Controlled Release of Tramadol, Eur. Polym.
J., 108, 485-497, 2018.

vY.



