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Abstract:

Rapid antimicrobial susceptibility testing is essential for timely therapeutic decision-making
and limiting the global spread of antimicrobial resistance. However, conventional methods are
labor-intensive and require prolonged incubation, delaying antibiotic selection. Here, we
present a microfluidic—interferometric platform for rapid label-free antimicrobial susceptibility
testing based on antibiotic-dependent bacterial metabolic acidification. A 3D-printed

concentration gradient generator microchip was interconnected with a five-channel
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microfluidic chip containing gelatin-infiltrated porous silicon Fabry—Pérot nanosensors.
Scanning electron microscopy, energy-dispersive X-ray spectroscopy, and transfer matrix
method simulations confirmed partial gelatin infiltration into the porous silicon layer. The
simulations further revealed pH-dependent swelling of the infiltrated hydrogel within the pores,
providing the basis for optical pH sensing. Acidification of the culture medium during
Escherichia coli metabolism increased the effective optical thickness, which was continuously
monitored by reflectometric interference Fourier transform spectroscopy. A pH calibration
established using buffer solutions agreed well with bacteria-induced optical responses,
confirming that the measured optical changes originated from metabolic acidification. The
platform was then used to evaluate the susceptibility of Escherichia coli to ciprofloxacin,
gentamicin, and ceftazidime. Results obtained after only 1.5 h showed strong agreement with
those from 8 h of conventional incubation, yielding Pearson correlation coefficients of 0.92 for
ciprofloxacin and gentamicin and 0.96 for ceftazidime. This platform accelerates antimicrobial
susceptibility testing by combining rapid microfluidic analysis with on-chip generation and
simultaneous incubation of multiple antibiotic concentrations. Together with label-free optical
sensing and low sample consumption, these features make the proposed platform a promising

approach for rapid antimicrobial susceptibility testing.

Keywords: Antimicrobial susceptibility testing, Reflectometric Interference Fourier
Transform Spectroscopy, Gelatin, Porous Silicon, Concentration Gradient Generator,

Microchip, Design, Simulation, 3D printing.

1. Introduction.

Despite remarkable advances in antimicrobial therapy, bacterial infections remain a leading

cause of global morbidity and mortality. The increasing prevalence of multidrug-resistant
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pathogens, particularly extended-spectrum B-lactamase producing Escherichia coli (E. coli),
has compromised empirical antimicrobial therapy and become a major challenge in clinical
microbiology. Regional surveillance studies have revealed considerable variability in
antimicrobial susceptibility and resistance gene dissemination, underscoring the dynamic
nature of antimicrobial resistance and the need for continuous surveillance supported by rapid
antimicrobial susceptibility testing (AST). Furthermore, the co-occurrence of disinfectant and
antibiotic resistance genes further complicates infection control and antimicrobial stewardship,
emphasizing the demand for rapid and reliable AST strategies'?. Accordingly, timely
identification of effective antimicrobial therapy is essential for improving patient outcomes and
reducing infection-related mortality. In 2021, bacterial antimicrobial resistance was associated
with 4.71 million deaths worldwide, with 1.14 million deaths directly attributable to bacterial
resistance. This number is projected to rise to 1.91 million annually by 2050 *#. These findings

underscore the need for rapid AST to guide timely therapy and curb antimicrobial resistance.

AST 1is essential for optimizing therapy, minimizing broad-spectrum antibiotic use, and
limiting antimicrobial resistance. Although conventional phenotypic methods, including disk
diffusion, broth dilution, and E-tests, remain the clinical gold standard because they directly
evaluate bacterial growth inhibition, they have inherent limitations . These labor-intensive
methods require large bacterial inocula and more than 24 h to yield reliable results %7 . The
long turnaround time necessitates empirical therapy, highlighting the need for rapid AST

platforms to monitor bacterial metabolism and guide targeted antimicrobial therapy ®.

Various rapid AST platforms have been developed, including SERS ° nanomotion detection

11,12

10 single-cell spectroscopy ', nanowire sensors '3, and electrochemical sensing *. However,

their clinical translation remains limited by complex instrumentation, extensive assay
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optimization, and insufficient robustness, highlighting the need for practical rapid AST

platforms.

Microfluidic systems enable precise fluid control, low reagent consumption, rapid mass
transfer, and integration of multiple analytical steps within compact devices !>
Concentration gradient generator microchips (CGG pchips) further allow automated
generation of antibiotic dilution series for parallel testing of multiple concentrations. However,
many microfluidic AST platforms still depend on fluorescent labels, complex imaging, or
bulky instrumentation, highlighting the need for label-free strategies that directly monitor

bacterial metabolic activity 819,

Stimuli-responsive hydrogels have emerged as promising biosensing materials because of their

porous structure and responsiveness to environmental stimuli 22!

. Among these, pH-
responsive hydrogels are particularly attractive because they undergo swelling and shrinkage
through the protonation and deprotonation of their ionizable groups 2*2°. Since bacterial
metabolism acidifies the surrounding medium, the swelling behavior of these hydrogels can

serve as an indirect optical indicator of bacterial growth and metabolic activity >%’.

Optically active nanostructures provide an effective strategy for converting biochemical
changes into measurable optical signals. Among these materials, porous silicon (PSi) is a
versatile label-free sensing platform owing to its large surface area, tunable pore structure, and
straightforward surface functionalization. As Fabry—Pérot thin films, PSi structures detect
refractive index changes within the porous matrix through variations in effective optical
thickness (EOT), which can be monitored by reflectometric interference Fourier transform
spectroscopy (RIFTS) 283!, The integration of a pH-responsive hydrogel layer with porous

silicon enables the conversion of bacterial metabolism-induced pH changes into measurable
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optical signals. Recent studies have demonstrated the potential of porous silicon—hydrogel

biosensors for monitoring bacterial growth 3> and AST 7.

Here, we present an integrated microfluidic—interferometric platform for AST. A 3D-printed
CGG pchip was integrated with a microfluidic chip containing gelatin-infiltrated PSi (GIPSi)
Fabry—Pérot nanosensors, enabling automated generation of antibiotic concentration gradients
and label-free optical monitoring of bacterial growth. In this platform, bacterial metabolism
acidifies the surrounding medium, inducing pH-dependent swelling of gelatin within the PSi
matrix and corresponding changes in EOT, which are monitored by RIFTS. Transfer matrix
method (TMM) simulations further supported the proposed sensing mechanism. Unlike the
previously reported bilayer configuration, in which a pH-responsive chitosan hydrogel was
coated on top of PSi for AST %/, the present sensing mechanism is based on a different structural
configuration and optical response. The platform was validated using E. coli to determine the
minimum inhibitory concentrations (MICs) of ciprofloxacin (CIP), gentamicin (GEN), and
ceftazidime (CEF), demonstrating a compact, low-volume, and rapid strategy for paralle]l AST

with potential clinical applicability™.

2. Materials and methods.

All materials used are detailed in the Supporting Information file.
2.1. Fabrication of GIPSi

For preparation of GIPSi as a sensing element, the PSi layer was fabricated, oxidized, laser-
cut into segments of approximately 0.8 mm x 8 mm and functionalized by (3-aminopropyl)

triethoxysilane according to a previously reported protocol 2

as shown in Fig. 1a. Then, a 4%
(w/v) gelatin solution was prepared in deionized water and stirred at 40 °C for 1 h. Once the

gelatin was fully dissolved, glutaraldehyde (2.5%, v/v) was added dropwise as a cross-linker
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(Fig. 1b). Before gelation was complete, 2 uL of the solution was deposited onto the modified
PSi surface, where glutaraldehyde covalently reacted with surface amine groups 4. The

samples were dried at room temperature for 24 h (Fig. 1c¢).
2.2. Design, simulation and fabrication of CGG pchip

The CGG pchip was designed to generate precise concentration gradients of bacteria—antibiotic
mixtures for downstream biosensing. The design concept is based on controlled splitting and
recombination of two inlet streams to produce stable concentration gradients while maintaining
compact device dimensions and low sample consumption. The pchip consists of two primary
functional regions: a flow-divider region, responsible for distributing the inlet streams with
predefined ratios, and a mixer region, which ensures efficient mixing and stable gradient
formation. In the divider section, microchannels with different widths were used to regulate
the flow distribution and produce specific concentration ratios, while the inlet positions were
adjusted to compensate the hydraulic resistance differences and maintain balanced flow paths.
To further enhance mixing performance within a compact footprint, a passive micromixer
based on repeated contraction—expansion structures was incorporated to promote interfacial

stretching and fluid layer folding.

The geometry of the microfluidic chip was designed using SolidWorks software, version
SP5.0, 2022 (Dassault Systems, Paris, France). The flow behavior and concentration
distribution inside the pchip were then evaluated through computational fluid dynamics
simulations using COMSOL Multiphysics version 6.2. The simulations employed the laminar
flow model coupled with the diluted species transport module to describe the hydrodynamics
and mass transport within the microchannels. Fluid behavior within the microchannels is
precisely modeled by employing the governing equations such as Navier-Stokes equations, as

detailed in Eq. (1) and Eq. (2) and a mesh independence study was conducted to ensure



147  numerical accuracy. Following numerical validation of the design, the CGG pchip was
148  fabricated using a resin-based stereolithography 3D printing technique. The printed pchips
149  were subsequently cleaned with isopropyl alcohol to remove uncured resin, followed by
150 ultrasonic cleaning and air flushing to clear the microchannels. Finally, surface polishing was

151  performed to improve optical clarity and ensure proper functionality of the microfluidic chip.

Vv=0
1)
v
—+ p(v.V)v = —VP + uV?v
at 2

152 where p denotes the pressure, v represents the velocity vector, p is the density, Vrelates to the
153  divergence, and (u) refers to the dynamic viscosity (Fig. 1d). The design, simulation, and

154  fabrication of the CGG pchip have been reported in detail elsewhere *°. However, before conducting
155  the experiments presented in this study, the functionality of the pchip was verified to ensure its proper

156  operation (see Fig. S1 in the Supplementary Information).
157  2.3. Fabrication of nanosensor pchip

158 The nanosensor pchip was designed and fabricated based on our previously reported
159  three-layer, reversibly bonded architecture *. While the previous chip used a single inlet
160  distributing flow into three parallel channels, the present chip incorporates five independent
161  channels, each with its own inlet and outlet. This design allows separate introduction of
162  different samples or reagents into each nanosensor zone. The fabrication process remained
163  identical: micro-CNC machining of PMMA, application of a PDMS bonding layer (1 mm
164  thickness), and mechanical clamping using M2 screws. As reported in our the previous work
165 2%, each channel includes a precisely milled biosensing zone for the placement of PSi or GIPSi

166  samples (Fig. 1e).
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2.4. Interconnection of the nanosensor pChip with the CGG pChip

To establish fluidic coupling between the two pchips, the CGG one was fluidically interconnect
in series with the five-channel nanosensor one. Each outlet of the CGG pchip was connected
to the corresponding inlet of the nanosensor pchip using flexible microfluidic tubing, allowing
independent delivery of the concentration-gradient mixtures generated from the two input
samples to spatially separated biosensing regions. Prior to final assembly, the GIPSi sensing
elements were positioned within the micromachined sensing chambers of the nanosensor pchip
(see video in the Supplementary Information). The interconnected platform was mechanically
clamped to maintain channel alignment and ensure leak-free operation. Before each
experiment, the interconnected microchip (Ipchip) was flushed with buffer solution to
eliminate trapped air bubbles and confirm stable flow through all channels. This Ipchip enabled
simultaneous exposure of the GIPSi sensing elements to different concentrations of the target

sample, allowing real-time optical monitoring (Fig. 1f).
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2.5. Characterization methods of GIPSi

The microstructural characterization of the samples was carried out using a field-emission

scanning electron microscope (FE-SEM, TESCAN MIRA3, Czech Republic) working at 15

kV acceleration voltage of the electron gun. To evaluate gelatin infiltration into the pores,

energy -dispersive X-ray spectroscopy (EDX, SAMx, France) coupled with SEM was

employed to determine the elemental composition. The surface chemical functionalization was

confirmed by attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-

FTIR, UATR 2, PerkinElmer, USA) over the wavenumber range of 4004000 cm™.
2.6. Optical setup and RIFTS measurement

RIFTS was used for optical transduction. The EOT, obtained from the Fourier transform of the
reflectance spectrum, served as the sensing signal, and sensor responses were quantified as
changes in EOT (AEOT, see Section 3.2, " Combined Experimental and Simulation Study of
the pH-Sensing Mechanism "). The optical setup and data analysis protocol were identical to
those described in our previous work. A motorized translation stage automatically positioned
the five samples in the Iuchip beneath the optical probe, enabling sequential EOT

measurements under identical optical conditions ¥ (Fig. 2).



199

200

201

202

203

204

205

206

207

208

209

PG
Y A
Bacteria + Antibiotic! " !
\ Y, 4

i

== Tungsten Halogen
gg’g\mwectmmeter Light Source

Syringe pump

ALceanView

z| 2 LabVIEW

1l “w‘ha\.“\_w\ .

: P C RIS RS
-

. Ty}

Motorized XYZ Linear Translation Stage
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2.7. Simulation of reflectance spectra and their Fourier-transformed profiles

The reflectance spectra of single-layer and multilayer structures were simulated using the
TMM. For each layer, the refractive index and thickness were used as input parameters, and

the wavelength-dependent reflectance was calculated accordingly. The simulations were

performed by MATLAB software (MathWorks Inc., Natick, MA, USA). To simplify the
model, absorption was neglected, and a constant, real-valued refractive index was assumed
over the entire wavelength range. In other words, dispersion was not taken into account, and
no wavelength dependence of the refractive index was considered. The simulated reflectance

spectra obtained from MATLAB were subsequently imported into IGOR Pro software, where
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fast Fourier transform (FFT) analysis was performed to extract the corresponding Fourier-

domain profiles.
2.8. Preparation of E. coli culture

E. coli was streaked onto nutrient agar using a four-quadrant streaking method and incubated
aerobically at 37 °C for 1824 h to obtain well-isolated colonies. Fresh overnight cultures were
used throughout the study. Prior to each experiment, colony morphology was visually inspected
to confirm culture purity, and well-isolated colonies were selected to minimize physiological
variability and ensure experimental reproducibility. A single isolated colony was inoculated
into Mueller-Hinton broth (MHB) supplemented with 2% (w/v) glucose and thoroughly
homogenized. The bacterial suspension was standardized to a 0.5 McFarland turbidity standard
by spectrophotometric measurement at 600 nm (OD600 = 0.08-0.10), corresponding to an
inoculum of approximately 1.5 x 108 CFU/mL . The standardized inoculum was prepared
immediately before each experiment to minimize inoculum variability associated with bacterial

growth phase.

2.9. MIC measurements

The MICs of CIP, GEN, and CEF were determined using the standard broth microdilution
method following the CLSI MO7 guidelines ¢. Fresh overnight bacterial cultures were
resuspended in sterile physiological saline, and the turbidity was adjusted to the 0.5 McFarland
standard. Serial two-fold dilutions of each antibiotic were prepared in cation-adjusted Mueller—
Hinton broth (CAMHB) in 96-well plates. The antibiotic dilutions were inoculated with the
standardized bacterial suspension to achieve a final bacterial density of approximately 5 x 10°
CFU/mL in each well. Two control conditions were included in every assay: a positive growth
control containing CAMHB and bacterial inoculum without antibiotic, and a negative sterility

control containing CAMHB and antibiotic without bacterial inoculum. The plates were
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incubated at 37 °C for 18-24 h. The MIC was defined as the lowest antibiotic concentration at
which complete inhibition of visible bacterial growth was observed. MIC endpoints were
independently evaluated by two investigators based on visual inspection after incubation, and
all assays were performed in three independent biological experiments with technical replicates

to confirm reproducibility.

2.10. RIFTS-based microfluidic experimental procedure

Before each experiment, the microfluidic chips, tubing, syringes, and connectors were
disinfected with 70% ethanol, followed by 15 min of UV irradiation. All microbiological
procedures were performed under aseptic conditions using sterile consumables. Syringes were
mounted on programmable syringe pumps, and all solutions were delivered through the

microfluidic chips at a constant flow rate of 500 uLL min™!.

For all RIFTS measurements, each GIPSi sensor was first equilibrated with an appropriate
reference solution at pH 7.4 to establish a stable baseline EOT. Depending on the experiment,
the reference solution consisted of PBS, culture medium, or a bacterial suspension adjusted to
pH 7.4. The corresponding test solution was then introduced into the nanosensor pchip or
Iuchip, and the resulting changes in effective optical thickness (AEOT) were calculated relative

to the baseline EOT recorded under the corresponding reference condition.

Between successive measurements, the microfluidic channels were thoroughly rinsed with
sterile deionized water, followed by the corresponding buffer or culture medium. Immediately
before injection, bacterial suspensions were gently mixed to ensure homogeneous cell

distribution and minimize sedimentation during flow through the microchannels.

For antimicrobial susceptibility testing, bacterial suspensions were adjusted to 1.5 x 102

CFU/mL, and antibiotic solutions were freshly prepared before each experiment. The device
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was incubated at 37 °C for 1.5 h to evaluate concentration-dependent bacterial growth
inhibition. Particular care was taken to avoid bubble formation and bacterial sedimentation,
which could affect concentration gradients and the resulting optical responses. All experiments
were conducted under controlled aseptic conditions optimized for rapid microfluidic AST

measurements 3738,

2.11. Statistical Analysis

All microbiological experiments were performed in at least three independent biological
replicates, each including technical replicates where appropriate. Data are presented as mean +
standard deviation. Regression analyses were conducted using SigmaPlot software version 15

(Systat Software Inc.).

3. Results and discussion

3.1 Characterization of GIPSi

A cross-sectional SEM image of a gelatin layer deposited on a PSi substrate is presented in
Fig. 3a, while Fig. 3b shows a higher-magnification view of the region, revealing three distinct
layers: a top gelatin layer, a bottom PSi layer, and an intermediate composite region designated
as the Gelatin-filled Pores (GFP), formed by the penetration of gelatin into the PSi matrix.

From the cross-sectional SEM image, the thicknesses of the PSi, GFP, and gelatin layers are in

the ranges of 3.47-3.51 um, 250-265 nm, and 7.76—7.79 pm, respectively.

To confirm the composite nature of this intermediate region and to distinguish it from the top
gelatin layer, EDX elemental mapping was performed in the magnified region. The elemental

distribution maps (Fig. 3c—f) correspond to carbon (C), nitrogen (N), oxygen (O), and silicon
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(Si), respectively. The maps reveal a gradual decrease in C and N signals and a concomitant

increase in the silicon signal from the top toward the bottom of the cross-section.

In addition, point EDX spectra were acquired from each of the three layers (Fig. 3g—i), along
with their corresponding quantitative elemental compositions (shown as inset tables). The
quantitative results further confirm the distinct chemical composition of the intermediate layer,
which contains contributions from both gelatin-related elements (C and N) and the substrate-
related element (Si). In contrast, the top layer is dominated by C and N, whereas the bottom
layer consists predominantly of Si. These findings provide direct evidence for the formation of

an interpenetration zone between the gelatin coating and the PSi matrix.
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289  Figure 3. Physicochemical characterization of GIPSi. a) Cross-sectional SEM image of a gelatin-coated PSi

290 structure. b) The inset shows a magnified view of the selected region, revealing a top gelatin layer, a bottom PSi
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layer, and an intermediate composite layer formed by gelatin infiltration into the Psi matrix. (c—f) EDX elemental
maps of C, N, O, and Si, and (g—i) point EDX spectra from the gelatin layer, the composite layer and the PSi layer.
While SEM and EDX analyses provide structural and elemental evidence of GIPSi, ATR-FTIR
spectroscopy was additionally employed to verify the chemical interaction between gelatin and
the APTES-modified PSi surface and to examine the corresponding changes in surface

functional groups (see Fig. S2 in the Supplementary Information).
3.2 Combined Experimental and Simulation Study of the pH-Sensing Mechanism

To investigate the pH-responsive sensing mechanism, the reflectance spectra and
corresponding Fourier-transform profiles of GIPSi were simulated using the TMM *.
Simulations assumed normal incidence, a wavelength-independent refractive index, and zero
optical absorption. Subsequently, the FFT of these simulated reflectance spectra was extracted

using the IGOR software.

The simulation comprised four steps. Step a determined the porosity and thickness of oxidized
PSi using TMM and SLIM, and step b modeled gelatin infiltration. Steps ¢ and d simulated
GIPSi at pH 6 and pH 8, respectively, as these conditions produced more pronounced spectral

changes than pH 7.4.

Fig. 4a—d presents the corresponding simulation steps. In panel i of each subfigure, a schematic
illustration of the sample structure is provided. Panel ii shows the layer thicknesses and
refractive indices used in the simulations. Panel iii compares the experimentally measured
reflectance spectrum with the simulated spectrum, whereas panel iv displays the Fourier-
transformed experimental spectrum together with its simulated counterpart. A detailed

description of each simulation step is provided below.

The optical properties of the oxidized PSi layer (Fig. 4a-i), including its thickness, porosity,

and refractive index, were first determined. Reflectance spectra measured in air, methanol, and
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ethanol were analyzed using the spectroscopic liquid infiltration method (SLIM) combined

4041 a5 described previously 2°. The

with the Bruggeman effective medium approximation
extracted thickness agreed well with the SEM measurements and, together with the
corresponding refractive indices (Fig. 4a-ii), was used to simulate the reflectance spectrum. As
shown in Fig. 4a-iii, the simulated and experimental spectra exhibited good agreement,
particularly in the 600—700 nm wavelength range. These discrepancies are mainly attributed to
the assumption of wavelength-independent refractive indices, which were determined within
this spectral range. Differences in peak amplitudes are further associated with the neglect of

optical absorption in the model. The corresponding FFT spectra (Fig. 4a-iv) also showed

excellent agreement, with nearly identical EOT peak positions.

In the second step, the reflectance spectrum and corresponding Fourier transform of the GIPSi
structure (Fig. 4b-i) were simulated. The initial gelatin thickness was estimated from the SEM
images (Fig. 3), while its refractive index was taken from the literature. The layer thicknesses
and refractive indices were then iteratively optimized to obtain the best agreement between the
simulated and experimental FFT spectra. The optimized structural parameters are shown in
Fig. 4b-ii. The simulated reflectance spectrum agreed well with the experimental spectrum
over the 500-1000 nm range (Fig. 4b-iii), confirming the validity of the optical model. The
corresponding FFT spectra also showed excellent agreement (Fig. 4b-iv). The positions of the
EOT peaks corresponding to the individual layers, as well as their combined optical
contributions, are also indicated in the figure. Notably, the EOT peak at 33,892 nm was
accurately reproduced only when the gelatin (GIPSi) layer was included in the model,
confirming its essential role in the optical response. Excluding this layer resulted in a

significant shift of the corresponding peak from its experimentally observed position.

Two points should be noted. First, the higher refractive index assigned to the PSi layer (1.491

vs. 1.441) reflects the APTES functionalization performed before gelatin deposition, which
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increases the effective refractive index 2. Second, the optimized refractive index of gelatin
(1.459) is slightly lower than reported literature values (1.47-1.53) *?, possibly due to pore
formation during drying. Another important observation concerns the refractive index of the
gelatin-infiltrated porous layer. The Bruggeman effective medium approximation predicts an
effective refractive index of 1.798, whereas the optimized simulation yielded 1.752. The lower

value suggests incomplete gelatin infiltration, possibly resulting from shrinkage during drying.

Since the gelatin used in this study was Type A gelatin, whose isoelectric point lies in the range
of 7-9 *3, a substantially higher degree of swelling is expected at pH 6 than at pH 8 **. Based
on this behavior, schematic illustrations of the GIPSi structure under acidic (pH 6) and basic

(pH 8) conditions are presented in Figs. 4¢-i and 4d-i, respectively.

As the gelatin layer absorbs the buffer solution and swells, the EOT peak associated with this
layer is expected to shift toward higher optical thickness values in the FFT spectrum. However,
no distinct peak attributable to the swollen gelatin layer could be identified above the
background noise (Figs. 4c-iv and 4d-iv). Simulation results indicate that, to reproduce this
observation, the refractive index of the swollen gelatin layer must be lower than 1.339 under
both acidic and basic conditions, thereby preventing the appearance of a well-defined FFT
peak. Furthermore, simulations performed using refractive indices below 1.339 and layer
thicknesses greater than 7760 nm produced no significant changes in the remaining spectral
features. The remaining layer thicknesses and refractive indices (Figs. 4c-ii and 4d-ii) were
optimized to satisfy two fitting criteria simultaneously: (i) the simulated reflectance spectra
should reproduce the peak and valley positions of the experimental spectra with the highest
possible accuracy (Figs. 4c-iii and 4d-iii), and (ii) the simulated FFT spectra should reproduce
the position of the dominant EOT peak, while all other peaks remain below the experimental

noise floor (Figs. 4c-iv and 4d-iv).
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366 Figure 4. Experimental validation of the four-step optical simulation of the GIPSi pH sensor. (a) Oxidized

367  PSi, (b) GIPSi, (c) GIPSi exposed to pH 6, and (d) GIPSi exposed to pH 8. For each simulation step, panel i shows
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the schematic structure, panel ii the optimized optical parameters (layer thicknesses and refractive indices), panel
iii the comparison between simulated and experimental reflectance spectra, and panel iv the comparison between
the corresponding FFT spectra. The agreement between experiment and simulation validates the proposed optical

model and the extracted structural parameters.

Based on the combined experimental observations and simulation results, the following
mechanism is proposed for the pH-sensing response. As the pH of the surrounding buffer
decreases, the thickness of the GFP increases due to swelling, while its effective refractive
index decreases. Nevertheless, the increase in layer thickness outweighs the reduction in
refractive index, resulting in an overall increase in the EOT of the GFP layer. Conversely,
under basic conditions, the gelatin undergoes less swelling, leading to a reduction in its
thickness and an increase in its effective refractive index. The net effect is a decrease in the

EOT of the GFP layer.

As will be demonstrated in the following sections, bacterial growth also increases the EOT of
the GFP layer through the pH changes induced by bacterial metabolism. In contrast, when an
effective antibiotic inhibits bacterial growth, the associated pH change is suppressed, resulting

in a decrease in the measured EOT compared with untreated bacterial cultures (Fig. 5).
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Figure 5. Proposed pH-sensing mechanism of the GIPSi nanosensor and its application to bacterial

growth and antibiotic susceptibility detection.

3.3 RIFTS-based pH calibration

To investigate the pH responsiveness of the GIPSi, the evolution of the EOT signal was
monitored under different buffer pH conditions. Initially, pH 7.4 buffer was introduced through
both inlets of the Iuchip until a stable EOT baseline was established (~20 min). The buffer
supplied to one inlet was then replaced with pH 6 buffer for another 20 min, while EOT was
recorded every 30 s for all five GIPSi samples. Fig. 6a shows the changes in EOT relative to
the baseline value measured in pH 7.4 for these sensors as a function of time. As expected, the
sensor continuously exposed to the pH 7.4 buffer exhibited no significant change in EOT. In
contrast, the EOT of the other sensors increased as the buffer pH was reduced from 7.4 to 6,

consistent with the sensing mechanism proposed in Section 3.2.

As shown in Fig. 6a and 6b, each experiment was performed in triplicate under identical
conditions. The average EOT responses from the three independent experiments are presented
in Fig. 6¢ as a function of buffer pH. A nonlinear relationship between the EOT change and
buffer pH was observed over the investigated range. The experimental data were best fitted
with a second-order polynomial model, yielding an R? value of 0.9951, indicating an excellent
correlation between the sensor response and buffer pH. These results demonstrate the
capability of the GIPSi platform for reliable optical monitoring of pH variations within the

microfluidic chips.
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Figure 6. RIFTS response of the GIPSi-based sensor to various pH levels: (a) EOT changes over time during
pH switches from 7.4 to 7.1, 6.8, 6.5, and 6. (b) EOT changes over time during pH switches from 7.4 to 7.6, 7.7,

7.8, and 8. (¢) EOT calibration curve vs. pH (second-order polynomial fit, R2 = 0.9951).

3.4 Measurement of bacteria-induced RIFTS changes

An E. coli suspension with a concentration of 1.5 x 108 CFU/mL was prepared and
subsequently diluted with sterile culture medium to 25%, 50%, and 75% of the original
concentration. Prior to incubation, the pH of the culture medium and all bacterial suspensions
was adjusted to 7.4. The samples were then incubated at 37 °C, and the pH was measured every
30 min using a pH meter. The results are presented in Fig. 7a. For all bacterial suspensions,
the pH decreased progressively during incubation, whereas the sterile culture medium control
exhibited negligible pH variation, confirming that the observed acidification originated from
bacterial metabolic activity rather than spontaneous changes in the culture medium. The pH—
time profiles were well described by sigmoidal regression, with satisfactory coefficients of
determination (R2) obtained for all samples. This sigmoidal behavior is consistent with the

characteristic growth kinetics of bacteria, where the pH decreases gradually during the lag
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phase, more rapidly during the exponential growth phase as metabolic activity increases, and
finally reaches a plateau in the stationary phase because of nutrient depletion and the

accumulation of metabolic by-products 4>4°,

Fresh culture medium adjusted to pH 7.4 was first introduced into the nanosensor pchip to
establish a stable EOT baseline. Then, the five samples characterized in Fig. 7a—including
four E. coli suspensions of different concentrations and one sterile culture-medium control, all
collected after 8 h of incubation—were sequentially introduced into the nanosensor pchip, and
the EOT was recorded at 30 s intervals. Fig. 7b shows the EOT response, expressed relative to
the baseline value obtained with the pH 7.4 culture medium, for the GIPSi sensors located in
the five microchannels as a function of time. The magnitude of the EOT shift (AEOT) increased
with increasing initial bacterial concentration, indicating that higher bacterial loads produced
greater metabolic acidification and, consequently, larger optical responses. The largest AEOT
was observed for the undiluted bacterial suspension (100%, corresponding to 1.5 x 102
CFU/mL), whereas the sterile culture-medium control (0% bacteria) produced virtually no
EOT shift (AEOT = 0). These findings demonstrate that the GIPSi nanosensor is capable of

transducing bacteria-induced metabolic acidification into a measurable optical signal.

To determine whether the observed optical responses were directly associated with pH changes
induced by bacterial metabolism, the average AEOT values obtained from three independent
experiments (performed as described for Fig. 7b) were plotted against the corresponding pH
values measured after 8 h of incubation (Fig. 7a). These data were then compared with the
calibration curve established using buffer solutions of known pH (Fig. 6¢). The agreement
between the experimental data and the values predicted by the quadratic calibration model was
evaluated using the Pearson correlation coefficient 7. A high correlation coefficient (r = 0.987)

was obtained, indicating excellent agreement between the measured and predicted values. This
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result confirms that the quadratic calibration accurately describes the sensor response over the
investigated pH range. The close agreement between the bacterial data and the buffer
calibration indicates that the optical response is governed predominantly by pH variations
generated during bacterial metabolism, rather than by direct interactions of bacterial cells or

their secreted products with the GIPSi sensor.
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Figure 7. (a) pH changes of E. coli cultures at different concentrations over 8 h (sigmoidal fits). (b) RIFTS
response of the GIPSi-based sensor to the samples of panel (a) after 8 h growth. (¢) AEOT obtained from panel
(b) after three replications vs. pH overlaid on the quadratic calibration curve (Figure 6¢). The predicted and

measured values show excellent agreement, with a Pearson correlation coefficient of r = 0.987.

3.5 Microfluidic AST

The results of the AST experiments performed using E. coli and the three antibiotics, CIP,
GEN, and CEF, are presented in Fig. 8. Before performing the microfluidic AST experiments,
the pH response of E. coli cultures to CIP, GEN, and CEF was first investigated under
conventional bulk conditions. The concentration ranges for the three antibiotics were selected

based on the experimentally determined minimum inhibitory concentration (MIC) of 0.74
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ug/mL to encompass both sub-MIC and supra-MIC bacterial responses. The pH of the bulk
cultures was monitored every 30 min for 8 h at 37 °C. The resulting pH kinetic profiles are

presented in Fig. 8a, 8d, and 8g.

In all three cases, untreated control cultures (0 pug/mL) exhibited a rapid sigmoidal decline in
pH from 7.4 to approximately 6.0, reflecting active bacterial growth and the accumulation of
acidic metabolic by-products. Increasing the antibiotic concentration from 0.37 to 1.48 pg/mL
progressively reduced both the rate and the extent of pH decline in a dose-dependent manner.
Cultures exposed to 1.48 pg/mL of each antibiotic maintained pH values close to or above 7.4
throughout the incubation period, consistent with strong suppression of bacterial metabolic
activity. The sigmoidal regression model accurately described the pH kinetic profiles under
most conditions (R? > 0.89), confirming the robustness of the kinetic analysis. These findings
demonstrate that antibiotic-induced changes in bacterial metabolism provide an early

physiological indicator of antimicrobial susceptibility.

The small differences observed among the three antibiotics may be attributed to their distinct
mechanisms of antibacterial action. CIP, a fluoroquinolone, inhibits DNA gyrase and
topoisomerase IV, leading to the accumulation of DNA damage and bactericidal effects that
may produce heterogeneous metabolic responses before complete inhibition. GEN, an
aminoglycoside, irreversibly binds to the 30S ribosomal subunit, disrupting protein synthesis
and rapidly suppressing cellular metabolism. In contrast, CEF, a third-generation
cephalosporin, inhibits peptidoglycan cross-linking by binding to penicillin-binding proteins
(particularly PBP3 in Gram-negative bacteria), thereby impairing cell wall synthesis and
causing osmotic lysis during bacterial growth and division. The inhibition of metabolism
associated with B-lactam antibiotics likely contributes to the progressive suppression of
bacterial cell division, which is reflected by the gradual reduction in metabolic acidification

observed in the present study 59,
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Following the bulk pH characterization, the microfluidic AST experiments were performed
using the Ipchip. Initially, an E. coli suspension with a concentration of 1.5 x 108 CFU/mL
adjusted to pH 7.4 was introduced through both inlets of the Iuchip until a stable baseline EOT
was established for all GIPSi nanosensors (approximately 15 min). Subsequently, the solution
supplied to one inlet was replaced with the same E. coli suspension containing the 1.48 pg/mL
antibiotic concentration, also adjusted to pH 7.4, while the other inlet continued to receive the
untreated bacterial suspension. This configuration generated a concentration gradient of the
antibiotic within the CGG pchip. The syringe pumps were then stopped, allowing the bacterial
suspensions to remain in contact with the antibiotic inside the CGG pchip for 1.5 h under static
conditions. During this incubation period, the microfluidic platform was maintained at 37 °C.
After incubation, the contents of the CGG pchip were driven into the nanosensor pchip and
flowed across the GIPSi sensing elements for approximately 15 min, during which reflectance
spectra were continuously acquired every 30 s and the corresponding EOT values were
determined. Fig. 8b, 8e, and 8h present the AEOT responses, referenced to the baseline
measured at pH 7.4, for the five sensing channels corresponding to CIP, GEN, and CEF,
respectively. For all three antibiotics, lower concentrations produced relatively large positive
AEQT values, consistent with the pronounced decrease in pH observed during active bacterial
growth under weak antimicrobial inhibition. As the antibiotic concentration increased, the
magnitude of AEOT progressively decreased, reflecting the reduced metabolic acidification
associated with increasing inhibition of bacterial activity. Interestingly, at the highest antibiotic
concentration (1.48 pg/mL), all three antibiotics produced negative AEOT values. According
to the pH calibration established in Fig. 6¢, negative AEOT values correspond to pH values
higher than the baseline pH of 7.4. This observation is consistent with the bulk pH
measurements (Fig. 8a, 8d, and 8g), in which the culture medium remained at or slightly above

pH 7.4 under strong antibacterial inhibition.
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To validate the reliability of the microfluidic assay against the conventional bulk method, the
optical responses obtained from the microfluidic platform were quantitatively compared with
the pH measurements obtained from bulk incubation experiments. First, the AEOT values
obtained from the microfluidic experiments (Fig. 8b, 8e, and 8h) were converted into their
corresponding pH values using the quadratic calibration curve established in Fig. 6c. The
resulting pH values were then compared with the final pH values measured after 8 h of
incubation under conventional bulk conditions (Fig. 8a, 8d, and 8g). The comparison is
presented in Fig. 8c, 8f, and 8i. Both the conventional bulk assay and the microfluidic platform
consistently identified low pH values (~6.1-6.2) in the absence of antibiotics and pH values
approaching 7.4-7.7 at the highest antibiotic concentrations, demonstrating that the rapid
microfluidic assay accurately captures the full range of bacterial susceptibility responses. A
strong linear agreement was observed between the two approaches over the investigated
concentration range, with Pearson correlation coefficients of r = 0.921 for CIP, r = 0.921 for
GEN, and r = 0.961 for CEF, demonstrating excellent agreement between the microfluidic
platform and the conventional bulk assay. Collectively, these findings validate the microfluidic
platform as a rapid and reliable system for AST, capable of providing clinically relevant
information on bacterial susceptibility within approximately one-fifth of the time required by

conventional incubation methods.

The present approach differs fundamentally from conventional optical nanosensors that rely on
direct bacterial capture or surface binding events. Instead, the GIPSi platform measures the
metabolic consequences of bacterial growth through pH-dependent optical changes. Since
metabolic inhibition represents one of the earliest physiological responses following exposure
to effective antimicrobial agents, this strategy enables rapid assessment of antimicrobial
susceptibility without requiring bacterial labeling, surface immobilization, or extended

incubation periods.
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Conclusion

In this study, we developed and validated an integrated microfluidic—optical platform for rapid
phenotypic antimicrobial susceptibility testing (AST) based on pH-responsive interferometric
sensing. Scanning electron microscopy, energy-dispersive X-ray spectroscopy, and transfer
matrix method simulations confirmed partial infiltration of gelatin into the PSi layer and
demonstrated that the resulting optical response originated from pH-dependent swelling of the
infiltrated gelatin within the porous matrix. The excellent agreement between the pH
calibration established using buffer solutions and the bacteria-induced optical responses
verified that bacterial metabolic acidification is the primary mechanism responsible for the
observed EOT changes. By combining a concentration gradient generator microchip with a
five-channel sensing microchip, the platform enabled on-chip generation of multiple antibiotic
concentrations and their simultaneous incubation under identical conditions, reducing manual
sample preparation, reagent consumption, and the overall assay workflow. The strong
agreement between the 1.5 h microfluidic assay and the conventional 8 h incubation method
for E. coli exposed to ciprofloxacin, gentamicin, and ceftazidime demonstrates that metabolic
acidification provides a reliable early indicator of bacterial susceptibility. Overall, the proposed
label-free platform integrates rapid microfluidic analysis with parallel optical sensing, offering
a simple, low-volume, and potentially clinically translatable approach for accelerated

phenotypic antimicrobial susceptibility testing.
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