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ABSTRACT

ypothesis: The detection of pathogenic bacteria in food and clinical samples is
Hvaluable, 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 step, 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

nanosensor,

elatin, . . L . : .
g” silicone-gelatin hybrid in the presence of buffers with different pH levels, it was
porous silicon, determined that due to the swelling of the gel layer and the refractive index of this
Eacomeiic e Ernee layer approaching 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 10° 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 (c) 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, and

(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).
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Fig. 3. (a) The value of EOT in three environments with pH of 7.4 (neutral), 3 (acidic), and 9 (basic) corresponding to a sample with 16

microliter of gelatin, (b) the amount of changes in EOT in two environments with pH 7.4 (neutral), and 3 (acidic) in samples with differ-

ent quantities and thicknesses of gelatin, and (c) 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).

ool PH 53 ol 18 55 Sl alal lls A g s
Jissden e oy 5 AL e Sl el slaes S e L
Shegmasn ol 5o sl oleas BOT )3l L oS 558 0 e
o3l 1S 1St Ol ey (V/07) WL S (S Sl Ao
&:,alL;Laujjf@dLaJ\l.gl)d)lJiLéj¢L{>a,ﬂl&€|sﬁ)l{6,w
bl s fals 1y JSssds STIEESE Ll 55 o AiSu 0 S5
Aalpt o Al g riy by glackle EWSIREACY
SIS 5 58Y5 Dbl iy plowd lp cnlply il
cnl 4 A el (Y/07) A0 I8 oS Sl lale S labes
V] e gsletgs 5 liie

ASST U313 30 oo Ol | GBI 55 1 5o cdapoes OS5
Waepi o3 53 1y (6 s oo 5 258 Jain e i s 5V
chwéjjﬁ&gvjmﬂpjdﬁbq&T{:}A.MAJWH_}}@
25 We i 315 (6 Y5 (el 4 S 13 Jolsne 05k
S 2 Rl o ooy 3 (e Al s
Sy e 53 s ls JLis 4 L EOT a5l 5 555 e Joelsne &Y
Il U o sSme 2ST5 0 el pPH L shoee 5555 L e 2l
=i O Sl Y S S S A o s a3 e 2 )3
AL e A AIYY nm s  BOT 5355 e 05Y5

Y sVt e PH i 51 SUEBOT ol poss Sl (B) ¥ ISSS
3 slite ez sl oS s s OLas ikises lads gas (gl 2 1)
CaaS ol S ehS o 2 3 g 0 o3l 0T st b (g1 5V
VURL ot oslital 55 ez lie 45 Aas oo OLES (5145 503 |
fales Y5 Y Sl e rames (IS ) 53 el s s
33 pse\ﬂa@bﬁ]aEOT O a5 L acules ol sl ol
el ool st VS S s 1 S baiys s (D) Y S
o PH a5 5l (S EOT &l i Jliids g st 13 503 (0) 7 02
L o V5 5l slize sem slis b Cilises glaw s gl 2 ¥ 5 V/E
SIVVHL ez jldie o353 o sdalive oS 5 sbOlen s o OLES

s o QLIS |y Ol s sl o iy 5N

09l by (59 E. coli (§ y5b Lalisee Syl b ),

Y3 Jedsco
A &y S35 3 2 PH L 3L Il (b3l ol olonil 51
e b 0l e o gl 0550 (V- Jadse O S
M7 slac ke U E coli s SU (suspension) ailss s S
(e el pled o i esls g il e (SN0 0T
(o A el 0T 4y LS 5 o baaisel CBBL b

VEE LT 0 £ oo (idt 5 Jlus rasly (53595 9 poke oale Az YYA



e SISl Sy i YousRiliS (5l Y J- JSelSie g Saluas 39 jud a9 AL

J3ssen 3 Y (o A3 5Ll APTES SaSe; Slisl oy
o 55 s ol QLS EDX 003l 123 8 13 e (555 05V
o Y3 Bl 5 (3L oS Lo el el ol Lae i 030
5o bl gl Sl bl lacab Jlod 5 o sl Lamee pH
et ) EOT ol 0L 0l a5 33 kS s 5 523255 5 o 40U
5 ol e pH el L Jodote @Y (eSSl 0 5 5
Jolote Y K s R e RIS O Sl L
Do OF iy 3540 5 o (50 V5 Y Bl 51 36 il 5 e
e nlS N3 LI e o i o o 53 5L e i
S md S gad Lol (pl 51 edalis bae ja 0553 (Y5
Ol oalinad (6 8L ) el gl s oot 0 Sl
88 5 6 S il sl 5 e 53 Ll o s 5l
o Gk Sl oy BOT ks oy alaly ool 0L el
e ool ot alaly 2 ey SV B slac il
G AL S 4 48 (g 58L (IS S 0ley Sl osls OLES Leasls
Do Y5 oS Ll 5l sls dalsst 53 L EOT o355 e et
Sl oy 55 0 pmlie (SOIGL 515 05 B0 5 o pes 2
Sl b Koo 50015 o e oot O Sl Losla (o o0

s 13 L s (6 S A o ol

S8
gfm(—“ LSL“LSJ&M 9 QL’JLE.» JSJ.»'A UJLA g_,.;l.v Lv ojjﬁ: Q‘.’.\
w‘chbu‘éjjujQ@J€)bQ)‘)}w\w

&y

1. Daszak P. and Jones K., Global Trends in Emerging Infectious
Diseases, Nature, 451, 990-993, 2008.

2. Ikuta K.S., Swetschinski L.R., Aguilar G.R., Sharara F.,
Mestrovic T., and Gray A.P., 9: A Systematic Analysis for the
Global Burden of Disease Study 2019, The Lancet, 400, 2221-
2248, 2022.

3. Varadi L., Luo J.L., Hibbs D.E., Perry J.D., Anderson R.J.,
Orenga S., and Groundwater P.W., Methods for the Detection
and Identification of Pathogenic Bacteria: Past, Present, and
Future, Chem. Soc. Rev., 46, 4818-4832, 2017.

4. Shen J., Zhou X., Shan Y., Yue H., Huang R., Hu J., and Xing
D., Sensitive Detection of a Bacterial Pathogen Using Allosteric
Probe-Initiated267 Catalysisand CRISPR-Cas13aAmplification
Reaction, Nat. Commun., 11, 267, 2020.

rra Ve GUT- s € 0L kit 9 om0 Jlus 2oy (5 35I9iS5 9 ol cpale dlmo

2D graph 3

13400
# T=20 min at room temperature
4 T=40 min at room temperature | —
= T=60 min at room temperature
® T=80 min at room temperature

132004 ¥ T=100 min at room temperature

—_

g oa
NS P )
=
[Sa}

A
12800+
e o d

0 20 40 60 80 100
Time (min)
L;)l.l_f‘u'l}'pf b ke Sl bl s BOT ol o -0 IS5
b St
Fig. 5. EOT changes at different time points during bacterial

incubation.

BRERRICHFE TP K NE RN RO P RCH ) o) NSTRES
L pH als 45 ea g bags S ) b o) 450 slac ] sbe

235 BOT L3l 5 5V oY PoF TS sl 4l of pama

(S g5 AomaS

J3aoden 5 Jodsne 05 sl (6550 K sbeandllas ol 5
3 b S A, 5l LA el Dl s o gl Y

@M‘ciﬁu\ﬁwojﬁ%&w\m.u&gw

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

6. Matys J., Kensy J., Gedrange T., Zawislak 1., Grzech-Les$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
Water, Food and Environment, Environ. Int., 166, 107357, 2022.

8. Yi J., Wisuthiphaet N., Raja P., Nitin N., and Earles J.M.,
Al-EnabledBiosensingforRapid PathogenDetection: From Liquid
Food to Agricultural Water, Water Res., 242, 120258, 2023.

9. Vazquez-Gutierrez 1.G., Reyes-Lopez M.A., Ochoa S.A.,
Cruz-Cordova A., Hernandez-Castro R., Ordufia-Diaz A., and



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

S O 5 (5298l Lasils

Xicohtencatl-Cortes J., Specific Detection of Uropathogenic
Escherichia 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.,
Design of a Porous Silicon Biosensor: 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 Kokabi M., Triple Stimuli Responsive
Poly(vinyl alcohol) Chitosan/Nanoclay/Nanosilver Nano-com-
posite Hydrogel, Iran. J. Polym. Sci. Technol. (Persian), 39,
3-14,2019.

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, fran. J. Polym. Sci. Technol. (Persian), 32,
411-426, 2019.

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

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

V&Y OLT- a0 € 0)losh (@iad 9 m Juw oaly 535I9iS5 9 pgle (ole Alxo

e G Sud) 1o Youstidis (gl (Y I- JSebStio YgSaluam 39 pud a9 (Al

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

Kocak G., Tuncer C., and Biitiin V., 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
Interference 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 Sili-
con Double-Layer via Reflectometric Interference Fourier Trans-
form 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
(N-isopropylacrylamide-co-acrylic  acid)/
Porous SiO, Hybrid, Adv. Funct. Mater., 20, 826-833, 2010.
Mushtaq F., Raza Z.A., Batool S.R., Zahid M., Onder O.C.,

ResponsivePoly

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, lran. 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 Shahman-
souri M., and Ebrahimi Hoseinzadeh B., Real-Time Biosens-
ing of Growth Hormone on Porous Silicon by Reflectometric
Interference Fourier Transform Spectroscopy, Appl. Phys. A,
128, 1-8, 2022.

Rocha-Garcia D., de Lourdes Betancourt-Mendiola M., Wong-
Arce A., Rosales-Mendoza S., Reyes-Hernandez J., Gonzalez-
Ortega O., and Palestino G., Gelatin-Based Porous Silicon
Hydrogel Composites for the Controlled Release of Tramadol,
Eur. Polym. J., 108, 485-497, 2018.

vY.



