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Introduction

Optical characterization of a nanogel—nanostar
plasmonic hanocomposite for microfluidic sensing
and surface-enhanced Raman scattering

Casey Folks, & Nishka Ghiloria and Laura D. Casto-Boggess = *

Plasmonic nanoparticles embedded in polymer matrices combine the exceptional optical properties of
plasmonic nanoparticles with the versatile mechanical and chemical characteristics of polymers, enabling
robust and functional surface-enhanced Raman scattering (SERS) detection platforms for chemical
sensing. SERS has become one of the most powerful analytical techniques due to the electromagnetic
and chemical enhancement of plasmonic nanoparticles, realizing enhancement factors up to 12 orders of
magnitude. In particular, gold nanostars are highly efficient and sensitive SERS facilitators due to the
extreme near-field enhancement that arises from their sharp tips and branches, commonly referred to as
‘hotspots’. Self-assembling phospholipid nanogels that exhibit thermally reversible pseudoimmobilization
properties offer a unique opportunity for designing biocompatible plasmonic nanocomposites with ther-
mally responsive viscosity profiles. Hence, a thermally responsive plasmonic hanocomposite was designed
by embedding gold nanostars in a phospholipid nanogel. Remarkably, this nanogel-nanostar composite
can be reversibly immobilized in microfluidic channels for SERS analysis and then flushed out of the
channel for reuse of the microchannel. The optical properties of gold nanostars were analyzed to charac-
terize the reliability and sensitivity of the nanogel-nanostar composite for SERS sensing and detection
applications. Finally, the nanogel-nanostar composite was applied to SERS analysis in a microfluidic
device, demonstrating a low nanomolar detection performance for rose bengal dye.

The LSPR of gold nanoparticles can be modulated by chan-
ging their size, shape, and surrounding dielectric medium.

Raman spectroscopy is a non-destructive and powerful spectro-
scopic technique that uses molecular vibrations to provide
structurally specific spectral information for chemical identifi-
cation." However, the efficiency of Raman scattering is intrinsi-
cally low, limiting high-sensitivity detection capabilities. Over
the past few decades, surface-enhanced Raman spectroscopy
(SERS) has evolved into one of the most important and power-
ful analytical techniques in optical spectroscopy due to its
exceptionally high sensitivity and selectivity.>* The SERS
effect is extremely dependent on the interaction between
analyte molecules with the surface of plasmonic nanoparticles.
SERS takes advantage of the localized surface plasmon reso-
nance (LSPR) of nanoparticles, resulting in an enhancement of
the local electric near field around the surface of plasmonic
nanoparticles.* ® In particular, gold nanoparticles of different
morphologies have been used in a variety of spectroscopic
applications like SERS and dark-field spectroscopy (DFS) for
sensing and imaging.”®
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Gold nanoparticles have been extensively studied for the devel-
opment of SERS substrates due to their unique optical pro-
perties and biocompatibility, resulting in high analytical sensi-
tivity and specificity.**'® Variations in SERS intensity across
different morphologies arise from the number of intrinsic hot-
spots per particle, where nanostars provide the most hotspots
due to their sharp tips and protruding branches."* Hotspot for-
mation is a key component for realizing strong SERS enhance-
ment."” Gold nanostars possess distinct optical properties that
make them excellent SERS substrates, with enhancements sur-
passing those of traditional gold nanoparticles by more than
two orders of magnitude.>**™*®

SERS is an exceptional optical detection method that
affords molecular structural information while also exhibiting
extreme sensitivity that rivals fluorescence.”®'®” However,
practical application is limited due to poor reliability, thus
prompting efforts to develop consistent and cost-effective SERS
substrates for routine use."®' Colloidal substrates offer afford-
ability, reproducible synthesis, and easily tailored optical per-
formance, but reliable hotspot formation remains difficult,
leading to inconsistent signal enhancements.'® These incon-
sistencies compromise the accuracy and reliability of measure-
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ments in Raman detection. In contrast, solid substrates,
including roughened metal surfaces or metal nanoparticles
immobilized on solid supports, afford a more stable analyte
detection platform.’®*® However, solid substrate utilization
often involves dry analysis, where acquisition occurs after
drop-casting the analyte. Unfortunately, this method lacks
uniform or obvious analyte distribution patterns after drying,
especially for more dilute samples, making micro-Raman
detection challenging."®*!

Plasmonic nanocomposites offer revolutionary potential for
SERS applications, enabling more robust, but highly flexible
platforms. Plasmonic nanoparticles incorporated with poly-
mers synergistically benefit from the excellent optical pro-
perties of nanoparticles and the wide range of mechanical and
chemical properties of polymers.** Successful translation of
these materials into practical applications, however, requires
scalable, reproducible fabrication methods that allow for
precise control over particle aggregation, distribution uniform-
ity, and optical behavior.® Specifically, in the design of nano-
composites, gold nanostars are favorable because their sharp
branches and hot spots provide plasmonic coupling inside the
polymer matrix, which enables significant enhancement of
Raman signals.***® Careful attention to tunable design para-
meters, polymer identity, and nanoparticle density has shown
the capability to boost the reliability of plasmonic polymer
nanocomposites as SERS substrates.’

Microfluidic SERS detection approaches have previously
been reported.>*>’ Self-assembling phospholipid structures
offer a unique opportunity for designinga microfluidic bio-
compatible plasmonic nanocomposite with a thermally
responsive viscosity profile. Mixtures of long-chain and short-
chain phospholipids like DMPC (1,2-dimyristoyl-sn-glycero-3-
phosphocholine) and DHPC (1,2-dihexanoyl-sn-glycero-3-phos-
phocholine) produce self-assembling nanostructures such as
discs and wormlike bicelles (Fig. 1).>® The morphology of
nanostructures is dependent on the concentration of phospho-
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Fig. 1 1,2-Dimyristoyl-sn-glycero-3 phosphocholine (DMPC) and 1,2-
dihexanoyl-sn-glycero-3-phosphocholine (DHPC), at low viscosity with
self-assembling worm-like structures and high viscosity with intertwined
worms above 23 °C. DMPC-DHPC nanogel is embedded with gold
nanostars and introduced into a microfluidic channel for analysis at
25 °C as an erasable SERS sensing platform.
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lipids in solution, temperature, and the ratio of DMPC to
DHPC (g-ratio).>**° The tunable physicochemical properties of
DMPC-DHPC enable a switch between high viscosity and low
viscosity with a narrow change in temperature. The thermal
responsiveness of DMPC-DHPC enables plasmonic nano-
particles to be pseudo-immobilized as they self-assemble into
entangled nanoworms at temperatures above 23 °C (Fig. 1).
Since the thermal switching is completely reversible, the
nanogel can be disentangled back to low viscosity with
cooling. This reversible behavior is leveraged for microfluidic
applications where the low viscosity mixture is loaded into a
fluidic system, pseudo-immobilized above 23 °C, and then
cooled back down to rinse the phospholipid mixture out of the
microfluidic system entirely.>'**

Here, we have created a thermally responsive plasmonic
nanocomposite with optical tunability using gold nanostars
embedded in DMPC-DHPC phospholipid nanogel as a SERS
substrate. Through a mild change in temperature, the sub-
strate can be reversibly immobilized for analysis in microflui-
dic channels and then flushed out of the channel for reuse of
the device. Optical properties of gold nanogel-nanostar com-
posites were analyzed and compared against nanogel-free
nanostar suspensions to characterize the influence of nanogel
encapsulation on optical property preservation. Furthermore,
the viability of utilizing the nanogel-nanostar composite as a
SERS substrate was demonstrated in a microfluidic platform,
affording higher reproducibility than nanogel-free nanostar
suspensions. In addition to improved uniformity of SERS
activity, the potential to regenerate the SERS-active zone via gel
dissolution and reloading presents a practical advantage for
microfluidic SERS applications.

Materials & methods
Reagents and materials

Gold(m) chloride trihydrate, sodium citrate tribasic dihydrate,
gold chloride solution, hydrochloric acid (1.0 N), r-ascorbic
acid, silver nitrate (AgNO;), and rose bengal were purchased
from Sigma-Aldrich (St Louis, MO, USA). Thiol-functionalized
methoxy poly(ethylene glycol) (mPEG-SH) 2000 was purchased
from Nanocs Inc. (New York, NY, USA). Ethanol (Koptec),
acetic acid solution (1.0 M) from Ward’s Science, Sylgard 184
Silicone Elastomer Base, and Sylgard 184 Silicone Elastomer
Curing Agent were purchased from VWR International
(Suwanee, GA, USA). 1,2-Dimyristoyl-sn-glycero-3-phosphocho-
line (DMPC) and 1,2-dihexanoyl-sn-glycero-3-phosphocholine
(DHPC) were purchased from Avanti Polar Lipids Inc.
(Alabaster, AL, USA). Sodium acetate was purchased from
Fisher Scientific (Fisher Scientific Co LLC, Hanover Park, IL,
USA). DLP Craftsman Resin (ANYCUBIC, Shenzhen, China)
was purchased from Amazon. Type 1 ultra-pure water prepared
in an Elga PureLab System (Elga, Veolia Water Technologies
Inc., Woodridge, IL, USA) was used for all sample preparation
and syntheses. Prior to synthesis, the magnetic stir bars and

This journal is © The Royal Society of Chemistry 2025
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glassware used in gold nanoparticle syntheses were cleaned
with aqua regia.

Phospholipid nanogel preparation

Phospholipid nanogels were prepared according to a pre-
viously reported method.**"*> DMPC and DHPC were weighed
out with DMPC : DHPC g-ratio of 2.5. Filtered 50 mM sodium
acetate buffered to pH = 4.5 was added to give a final lipid con-
centration of 20% (w/v), and the sample was vortexed until dis-
solved. Then, three freeze-thaw cycles were completed, fol-
lowed by centrifugation at 10 000 rpm for 10 min at 4 °C. The
preparations were aliquoted and stored at —20 °C until ready
for use.

Gold nanostar synthesis and characterization

Nanostars were synthesized with an LSPR wavelength
maximum (4,) to align in resonance with a 638 nm laser
excitation. The gold nanostar synthesis was performed using a
modified version of a protocol described previously by De Silva
Indrasekara et al.’® For the seed mediated growth of surfac-
tant-free gold nanostars, citrate capped gold nanospheres were
synthesized using a modified version of the Turkevich
method.*® Briefly, in a 20 mL glass scintillation vial (VWR)
containing a small magnetic stir bar, 10 mL of ultrapure water
was added and stirred at 600 rpm to form a steady vortex.
Under ambient conditions, 492 pL of gold chloride solution
(5.08 mM) was added and mixed for 10 s. Then, 20 pL of HCI
(1.0 N) was added and mixed for 10 s. Immediately following,
140 pL of spherical gold nanoparticles (synthesis and charac-
terization is provided in the SI) was added and mixed for 10 s.
Next, 34 pL of AgNO; (3.0 mM) was added and mixed for 5
seconds. Immediately after the addition of AgNO;, the for-
mation of gold nanostars begins, which is confirmed by a
noticeable color change from colorless to navy blue.
Thereafter, 100 pL of ascorbic acid (100 mM) was added and
mixed for 60 s. Lastly, for long-term stability, 40 pL of
mPEG-SH-2000 (1.0 mg mL™") was added and mixed for
10 min. The gold nanostars were purified by centrifugation at
3000g for 10 min, and the resultant pellet was resuspended in
3.0 mL of ultrapure water and stored at 4 °C. The stock solu-
tion of gold nanostars had an LSPR A, at 648 nm, an absor-
bance of 2.1, and a concentration of 0.229 nM. The calculation
of gold nanostars concentration is provided in the SIL
Nanoparticle morphology was evaluated using a JEOL JEM
2100 LaBg transmission electron microscope (TEM). A total of
8.0 pL of diluted nanoparticles was drop-cast onto a carbon-
coated copper grid from Electron Microscopy Sciences
(Hatfield, PA, USA). Four fields of view were used for size ana-
lysis using Image]. Size calculations and distributions for the
average core diameter, branch length, and tip-to-tip size is
shown in the SI.

Enhanced darkfield scattering (DFS) microscopy and
hyperspectral imaging

The optical properties of gold nanostars embedded in
DMPC-DHPC phospholipid nanogel were analyzed using DFS

This journal is © The Royal Society of Chemistry 2025
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imaging under hyperspectral conditions. HORIBA Scientific’s
XploRA Raman microscope system integrated with Cytoviva’s
hyperspectral imaging spectrometer was used for single-par-
ticle analysis. Nanocomposites were prepared by mixing 5 pL
of water and 20 pL of gold nanostars with 25 pL of phospholi-
pid nanogel. The mixture was vortexed for 1 min and stored at
4 °C until ready to use. Colloidal gold nanostars were prepared
in a 2:3 ratio of sodium acetate, pipette mixed, and then
drop-cast for imaging. Final nanostar density was between
107-10° nanostars per microliter. For imaging, 8 pL of the
sample was dropped on a glass slide, covered with a coverslip,
and sealed with clear CoverVibe nail polish. Micro-Manager,
an open-source microscopy software, was used to acquire at
least three fields of view for a total of at least 1000 particles,
with an exposure time of 200 ms using a 60x oil objective.?”
Spatial and spectral information of the enhanced dark-field
hyperspectral image was obtained using Environment for
Visualization (ENVI) 4.8 software (Cytoviva, Auburn, AL).
Cytoviva’s particle filter tool was used to analyze the spectral
dimensions for each field of view to exclude aggregate and
impurity contributions. Particles containing less than 1000
counts and greater than 5000 counts were excluded. Further,
particles were spatially excluded that were larger than 20
pixels. To ensure consistency in nanogel viscosity, no more
than the equivalent of three full scans (696 x 696 pixels) were
acquired for each nanocomposite aliquot, to prevent sample
drying or overheating. All dark field images were taken at
25 °C. Single-particle analysis, including the Kolmogorov-
Smirnov test, the empirical cumulative distribution function,
and probability density function, was carried out using Python
toolkits including pandas, matplotlib, NumPy, and SciPy
(scipy.stats).

Microfluidic chip fabrication

Microfluidic channels were cast into polydimethylsiloxane
(PDMS) using soft lithography and 3D printed molds. A
casting mold with twelve parallel 200 x 200-micron channels
(L = 1.5 cm) was 3D printed using DLP Craftsman resin (gray)
on an AnyCubic Photon DLP resin printer. The mold was UV
cured for 30 min and baked overnight at 60 °C. Sylgard 184
and curing agent were mixed in a 1: 10 ratio, poured into the
printed mold, left to sit for approximately 2 hours until
bubble-free, and then the PDMS was cured at 60 °C overnight.
After the PDMS microchannel slab was released from the
mold, the PDMS surface and a silicon wafer were rinsed
thoroughly with detergent and water. Both substrates were
then blown dry with argon gas and placed into a plasma
chamber (PDC-001-HP, Harrick, Ithaca, NY). The vacuum was
pulled down to 350 mTorr, and the plasma was turned on high
power for 35 s. The timer was started once plasma generation
was verified from a purple color observed through the
chamber window. After exposure, both substrates were
removed from the chamber and immediately brought into
contact for permanent bonding of the PDMS microchannels to
a silicon wafer. The final microdevice and microchannel image
can be found in the SI.
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Surface-enhanced Raman scattering (SERS) detection

Raman and SERS measurements were carried out using
HORIBA Scientific’s XploRA Raman microscope system.
Horiba LabSpec6 software was used for SERS analysis using a
638 nm laser (16 mW), 10x objective, 600 grooves per mm
grating, slit size of 200 um, pinhole size of 100 um, for five
accumulations and an acquisition time of 10 s. Given this
optical configuration, approximately 60 nanostars would be
present in the SERS detection volume for a uniformly dis-
persed mixture. Samples were prepared by mixing rose bengal
and gold nanostars in a 1:4 ratio. Next, the solution was
diluted to half its original volume by lipid nanogel (g = 2.5) to
deliver final concentrations of 10% total lipid and 40, 27, 20,
10, and 5 nM rose bengal. Background subtraction and peak
analysis were performed using LabSpec6 (version 6.3) (Horiba
Scientific, Edison, NJ) and Origin(Pro), version 2024,
(OriginLab Corporation, Northampton, MA). Details are
included in the SI. Measurements were carried out in a single
microfluidic channel. The chilled sample pre-mixed with
nanogel was loaded into the channel using a 1 mL syringe
with a polypropylene syringe adaptor (OD 1.7 mm; ID 0.5 mm;
L = 55 mm; LabSmith, Livermore, CA). After sample loading,
the chip was placed on the microscope stage and allowed to
come to 25 °C before measurement. Samples were measured
in triplicate in at least 5 different locations within the channel.
After each sample, the microchannel was rinsed with isopro-
panol and water.

Results & discussion
Characterization of colloidal gold nanostars

The optical properties of plasmonic nanoparticles heavily rely
on their shape and size. The morphology of the synthesized
gold nanostars (Fig. 2a) is characterized by their sharp tips
protruding from a spherical core, with an average tip-to-tip dia-
meter of 77.12 + 13.69 nm. The LSPR A of the gold nano-
stars was 648 nm (2.1 a.u, 0.229 nM) (Fig. 2b), which agrees
well with previously reported seed-mediated and surfactant-
free gold nanostar synthesis and characterization.'® DFS under
hyperspectral imaging was used to characterize the scattering
properties of individual gold nanostars at the single-particle
level prior to integration into phospholipid nanogels (Fig. 2c).
It is of utmost importance to understand and characterize the
optical scattering properties of single gold nanostars before
incorporating into different matrices. Understanding how the
optical behavior and performance at the single particle level is
influenced by matrix type is important for SERS substrate
development. DFS works by excluding unscattered incident
light and utilizing incoming reflected light to provide an
image on a dark background, thereby eliminating background
noise typically experienced with bright-field microscopy.*®
Hyperspectral imaging provides spatial and spectral infor-
mation about individual particles.>® Hyperspectral data cubes
are made up of two spatial dimensions and a spectral dimen-
sion. The spatial dimensions are viewed as a darkfield scatter-
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ing image (Fig. 2c), while the spectral dimension affords scat-
tering spectra for each pixel (examples in Fig. 2d). Combining
DFS and hyperspectral imaging enables the single-particle
scattering analysis of plasmonic nanoparticles to assess
optical properties, in contrast to the ensemble measurement
from UV-Vis spectroscopy shown in Fig. 2b. This allows iso-
lation of nanoparticle scattering from background scattering
and absorption from aggregates or impurities, which will not
contribute to SERS enhancement mechanisms. The Cytoviva
particle filter tool was used to facilitate the removal of aggre-
gates and impurities by excluding particles that fall outside
the range of 1000-5000 counts and are larger than 20 pixels.
The deviation of scattering intensities over individual particles
is attributed, in part, to variations in morphological features,
such as different branch lengths. Three-dimensional structure
and morphological heterogeneity can lead to plasmon broad-
ening or multidirectional scattering.’>*' The single-particle
scattering spectra of individual gold nanostars show A,y of
610 + 33 nm (n = 1058) (Fig. 2d), which is blue-shifted from
the bulk solution ensemble measurement. This highlights the
importance of single particle scattering analyses, where back-
ground scatter and impurities are removed in opposition to
ensemble UV-Vis measurements.

Optical property stabilization for gold nanostars embedded in
thermally responsive nanocomposites

Plasmonic nanocomposites for SERS sensing and detection
rely heavily on the optical properties of nanoparticles. The
plasmon distribution and A, for gold nanostars are a repre-
sentation of the stability and aggregation status of nano-
particles in the surrounding matrix.>** As such, the influence
of the nanogel matrix on nanoparticle stability and optical per-
formance is essential. Fig. 3 presents the optical properties of
gold nanostars embedded in nanogel. A hyperspectral DFS
image and particle filtered image of the designed thermally
responsive plasmonic nanocomposite are provided in Fig. 3a
and b, respectively. After spatial and spectral filtering, scatter-
ing spectra and LSPR 4., are gathered for each identified par-
ticle and found to be 630 + 40 nm (n = 1011). Representative
single particle spectra are given in Fig. 3c in correspondence
with particles identified in colored circles in Fig. 3a. The LSPR
Amax of individual gold nanostars in phospholipid nanogel
compared to free colloidal gold nanostars within the spectral
range from 500-800 nm are summarized with a cumulative
distribution function (CDF) in Fig. 3d. The CDF presents the
relative number of particles that exhibit maximum scattering
at or below a given wavelength and is directly related to the
probability of observing particles at that wavelength. A statisti-
cally significant red shift is observed for gold nanostars
pseudo-immobilized in nanogel compared to free colloidal
gold nanostars. A Kolmogorov-Smirnov test indicated a signifi-
cant difference in scattering behavior between the two popu-
lations with a maximum deviation of 22% (p-value 5.0 x
107%%).

Single particle scattering histograms in Fig. 4 more clearly
reveal the distribution of scattering properties for individual

This journal is © The Royal Society of Chemistry 2025
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(a) Transmission electron micrograph for characterization of gold nanostars with an average tip-to-tip diameter of 77.12 nm + 13.69 (scale

bar = 200 nm). (b) A UV-Vis spectrum of nanostars indicates an LSPR 1., of 648 nm (2.1 a.u, 0.229 nM). (c) Hyperspectral DFS image of gold nano-
stars (scale bar = 10 pm) used for single particle scattering property analysis. (d) Representative single-particle scattering spectra of seven individual
nanostars from the population exhibiting LSPR 4. of 610 + 33 nm (n = 1058).

gold nanostars with and without nanogel. The probability
density function provides a theoretical distribution of individ-
ual gold nanostar scattering. The area under the curve rep-
resents the probability for particles in the corresponding sub-
strate to scatter at a given wavelength. The scattering pro-
perties of gold nanostars without nanogel show the highest
probability of scattering from 580-640 nm. A red shift is
observed in the scattering property analysis of gold nanostars
embedded in nanogel, with the highest probability for scatter-
ing from 600-660 nm.

The red shift can be explained for numerous reasons,
including the convenient dielectric matrix of polymers and
plasmonic coupling of nanostars. Previous reports on nano-
composite fabrication have demonstrated that when gold
nanostars are present in a chitosan solution, the gold nano-
stars are stabilized via the formation of a surface-protective
chitosan layer upon gelation.®** Similarly, herein, the nanogel
could serve as an additional protective coating. At low tempera-
tures, gold nanostars are dispersed in a low-viscosity aqueous

This journal is © The Royal Society of Chemistry 2025

medium with unentangled phospholipid nanoworms. Upon
an increase in temperature, the gold nanostars become stabil-
ized within the gel as the phospholipid structures entangle
into a high-viscosity nanogel. This stabilization contributes to
an increase in particles retaining an LSPR Ay, within
600-700 nm, and a more uniform distribution within this
range. At the phase transition temperature where the worm-
like structures of self-assembled phospholipids become
entangled, the steric effects of the methyl groups in the
hydrophobic tails create spatial hindrance and may influence
how the gold nanostars are embedded inside the matrix. By
creating a spacer between nanostars, the nanogel matrix pro-
vides stabilization to prevent aggregation, avoid core-to-core
coupling, maintain a uniform particle spacing, and preserve
intrinsic hotspot formation. Since the scattering distribution
for nanostars embedded in nanogel is a normal distribution
with minimal skew, the red shift was broadly observed across
many particles rather than a few strong scatterers. This
suggests a more uniform plasmonic shift across the substrate
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(a) Dark field image under hyperspectral conditions of gold nanostars in DMPC-DHPC phospholipid nanogel (g = 2.5, 10%), (b) particle

filtered image for 1000-5000 counts < 20 pixels (scale bar = 10 microns), (c) representative single particle spectra of nanostars embedded in
DMPC-DHPC phospholipid nanogel and (d) cumulative distribution functions from single particle scattering analysis for nanostars embedded in
phospholipid nanogel (blue) compared to nanogel-free colloidal gold nanostars.

and potentially some preferential orientation of nanostars
within the nanogel matrix. Red shifts are also caused by chan-
ging the refractive index and dielectric environment of the
media surrounding the nanoparticles.”*** Therefore, the
change in LSPR A,,x observed for the nanogel-nanostar com-
posite can also be attributed to the higher refractive index of
the nanogel compared to air or free aqueous solutions.

Finally, the density of nanoparticles can be used to tune
plasmonic coupling and control aggregation and can be con-
trolled by changing the final nanoparticle concentration. The
nanoparticle concentration will ultimately influence the uni-
formity of gold nanostar distribution.” As the concentration
increases, an expected influx of aggregates is anticipated, with
Amax red shifted to 700 nm or larger. This is because the aggre-
gation of gold nanostars causes the lengthening of branches
and an overall increase in nanostar size.'*'**' However, when
using a nanogel support, as the volume fraction of gold nano-
stars increases, the gold nanostars can be forced to move
closer together upon transition into high viscosity. Clustering
and aggregation are controlled via the nanogel matrix, in

Analyst

addition to interparticle orientation. The generalized red shift
and plasmonic broadening observed indicate a heterogeneous
distribution of morphologies and orientation within a
sample.”’ In our study, larger and brighter scatterers were
excluded through uniform size and intensity filters to ensure
only single-particle spectra were retained for analysis. As a
result, these measurements did not directly address concen-
tration-dependent aggregation. However, within the single-par-
ticle population analyzed, the probability distribution
remained centered at 600-700 nm without strong outliers.

Surface-enhanced Raman scattering of rose bengal using
nanostar-nanogel composite

SERS experiments with rose bengal confirmed the viability of
the thermally responsive plasmonic nanocomposite as a SERS
detection platform. SERS spectra of rose bengal using free col-
loidal gold nanostars versus the nanogel-nanostar composite
are presented in Fig. 5a. When using the nanogel-nanostar
composite, a 5-fold enhancement in SERS intensity for rose
bengal is observed compared to when the nanogel is not

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 (a) Histogram with the probability density function (PDF) for

single particle analysis of gold nanostars in sodium acetate (n = 1058)
and (b) gold nanostars in DMPC-DHPC phospholipid nanogel and (n =
1011).

included (Fig. 5b). The limit of detection was calculated to be
7.4 + 0.5 nM (LOD = 3s/m). SERS spectra for determining the
detection limit and creating the calibration curve are provided
in the SI. Analyses and comparisons were performed using the
characteristic peak for rose bengal observed at 1611 cm™*
(C=C stretch). Additional peaks at 1266 and 1411 cm ™" arise
from the PDMS Raman background and are not influenced by
the presence of nanogel or nanostar addition. The additional
peaks assigned to rose bengal’s fingerprint in Fig. 5 are
observed in both the colloidal and nanogel conditions and
arise from the extended n-conjugation from the stable quinoi-
dal structure.*® In the colloidal suspension, the heterogeneity
of enhancement and overall weak performance leave these
weaker Raman bands to fall below the detection limit and
appear sporadically, as observed in Fig. S9. The nanogel stabil-
izes the nanostar orientation and provides a more uniform
LSPR environment, allowing the same modes to consistently
rise above the noise and appear reproducibly from spot to spot
across the substrate (Fig. S10). A comparison of rose bengal
SERS response using free colloidal gold nanostar suspensions
using higher rose bengal concentrations is provided in the SI
to highlight the change in peak appearance is inherently a sen-
sitivity problem.
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Fig. 5 (a) SERS spectra of 400 nM rose bengal including a blank SERS

trace in the nanogel matrix and Raman backgrounds (parameters: 10x
obj, range of 400-3600 cm™, 16 mW, 600 grooves per mm, slit =
200 pm, hole = 100 um) top-to-bottom: SERS-RB (ng) = rose bengal +
nanostars in nanogel matrix; SERS-RB (aq) = rose bengal + nanostars in
buffer without nanogel; SERS (ng) = nanostars in nanogel matrix without
rose bengal; nanogel (ng) = Raman background for nanogel matrix
without stars or analyte; buffer (ag) = Raman background for buffer
without stars, analyte or nanogel. Traces were background subtracted
using Origin Pro’s Peak Analyzer tool and an asymmetric least squares
fit. The characteristic rose bengal peak is observed at 1611 cm™. The
additional peaks are from both the PDMS background and additional
modes from rose bengal. Peaks at 1266 and 1411 cm™ are attributed to
characteristic peaks of the PDMS (channel material) from CHz symmetric
and asymmetric bending, respectively. The peak at 1299 cm™ and
1440 cm™ arise from a backbone twist and bending in the lipid.
However, these peaks are entirely obscured by analyte signal and do not
experience enhancement in the presence of nanostars. In addition to
the strong characteristic rose bengal peak at 1611 cm™* (symmetric C=C
stretching in ring) used for performance comparison, the peaks at
1164 cm™, 1241 cm™, 1294 cm™, 1331 cm™, 1454 cm™, ~1490 cm™,
and 1545 cm™ also belong to rose bengal's fingerprint and arise from
the ring stretching modes and the xanthene dye framework. (b)
Comparison of the SERS intensity for replicate measurements and
across at least five distinct spots in the microchannel shows that when
nanogel is included to produce a nanogel-nanostar composite, an
enhancement in SERS signal is observed relative to nanostars only. The
relative standard deviation for SERS using free colloidal gold nanostars
was 60% compared to 21% when using the nanogel-star composite as a
SERS substrate.
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Nanostars are stabilized by the nanogel matrix, resulting in
controlled aggregation and particle spacing. As such, it is sur-
prising to see less homogeneity in the rose bengal SERS
response in colloidal suspensions, due to the increased
rotational freedom that would average out nanoparticle orien-
tation and overall configurational changes. However, the
reduced rotational freedom within the gel may contribute to
more reproducible local configurations, which could explain
the more uniform SERS response observed in nanogel-nano-
star systems compared to free colloidal solutions. Nonetheless,
it's important to note that preferential orientation effects
remain speculative and are only noted here as a potential
avenue for future investigation.

The SERS enhancement is attributed, in part, to the con-
trolled spacing of nanostars on a pseudo-immobilized sub-
strate, which resulted in red-shifted and broadened scattering
properties compared to nanogel-free measurements. To evalu-
ate spatial variation in the SERS signal spot-to-spot along the
microchannel, measurements were acquired in at least five dis-
tinct positions within the detection region. Positions were
selected without prior identification of scattering intensity via
darkfield microscopy, as darkfield analyses were only used for
optical property investigations and not as a pre-screening tool
for SERS. This approach was intended to avoid bias and assess
the overall uniformity of the nanostar-nanogel substrate.
Based on the nanostar concentration, the estimated nanostar
density is on the order of 10’ nanostars per microliter. This
density proved sufficient to yield measurable SERS signals at
all tested locations without requiring individual particle local-
ization. Replicate measurements are provided in the SL
Furthermore, nanostars embedded in the phospholipid
nanogel afforded a higher precision SERS substrate compared
to colloidal platforms with a nearly three-fold reduction in the
relative standard deviation for nanocomposite measurements
(21% RSD) compared to that of free colloidal nanostars (60%
RSD). This is important because, similar to the intensity, the
SERS signal should be as uniform as possible across the substrate
so that the relative deviation from spot to spot is minimal.?®
Immobilization of a SERS substrate is more reliable because it
provides a stable environment for nanoparticles with increased
substrate uniformity and reduced aggregation. The uniformity of
gold nanostars distributed in a matrix is extremely important in
the design of SERS substrates to ensure sensitive and reproduci-
ble optical SERS responses.’ In this work, rose bengal was co-
incubated with gold nanostars prior to gelation, such that
analyte-substrate interactions were pre-established before
nanogel formation and device loading. Post-loading delivery of
analyte was not assessed in this initial study but represents an
opportunity for further evaluating the dynamic accessibility, rever-
sibility, and reusability of the substrate system for on-demand
SERS detection. It is important to note that while the microfluidic
device used for these experiments contained 12 parallel channels,
all SERS measurements were carried out in a single microchan-
nel. After each sample analysis, the sample-containing SERS sub-
strate was rinsed out of the microchannel, emphasizing the re-
usability of the microfluidic channel afforded by this thermo-
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responsive plasmonic substrate. Note that the SERS substrate
itself is not reused between samples. Each new sample is loaded
with a fresh nanostar-nanogel composite into the clean micro-
channel, and erasability refers to the capacity to remove and rede-
posit the nanogel-nanostar substrate between samples.

Conclusions

In this study, gold nanostars were successfully embedded into
DMPC-DHPC (g = 2.5, 10%) phospholipid nanogels to create a
thermally responsive, erasable SERS substrate. The nanogel
matrix provided a tunable dielectric environment that stabil-
ized the optical properties of gold nanostars, resulting in a nar-
rower and red-shifted scattering distribution relative to free col-
loidal nanostars. Single-particle hyperspectral analysis revealed
enhanced uniformity in LSPR A, values, supporting improved
reproducibility of SERS response across the substrate. This
nanogel-nanostar composite enables reversible immobilization
within microfluidic channels, making it an erasable substrate
and reusable microchip platform for optical sensing. Importantly,
the nanogel substrate itself is not regenerated or recycled, but
rather replaced between samples, preserving SERS performance
while allowing reuse of the analytical platform. The nano-
composite exhibited a five-fold enhancement in SERS signal
intensity and a lower relative standard error compared to
nanogel-free suspensions, confirming its viability for sensitive
and reliable analyte detection. The novelty of this approach lies in
its integration of thermally responsive immobilization with
single-particle optical stability, bridging some advantages of col-
loidal and solid SERS platforms. These features make the plat-
form highly suitable for applications involving microfluidic
sensing or lab-on-a-chip diagnostics, where controlled sample
flow and reuse of detection zones are critical. The morphological
and optical tunability of this nanogel-based system offers broad
design flexibility. Future work may focus on optimizing nanostar
density, incorporating target-specific surface functionalization,
and integrating with other analytical techniques and lab-on-a-
chip sample processing to expand the platform’s utility in bioana-
lysis, environmental sensing, and/or real-time diagnostics.
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