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ABSTRACT: Nanocomposites comprising hydrogels and plas-
monic nanoparticles are attractive materials for tissue engineering,
bioimaging, and biosensing. These materials are usually fabricated
by adding colloidal nanoparticles to the uncured polymer mixture
and thus require time-consuming presynthesis, purification, and
ligand-exchange steps. Herein, we introduce approaches for rapid
synthesis of gold nanostars (AuNSt) in situ on hydrogel substrates,
including those with complex three-dimensional (3D) features.
These methods enable selective AuNSt growth at the surface of the
substrate, and the growth conditions can be tuned to tailor the
nanoparticle size and density (coverage). We additionally
demonstrate proof-of-concept applications of these nanocompo-
sites for SERS sensing and imaging. High surface coverage with AuNSt enabled 1−2 orders of magnitude higher SERS signals
compared to plasmonic hydrogels loaded with premade colloids. Importantly, AuNSt can be prepared without the addition of any
potentially cytotoxic surfactants, thereby ensuring a high biocompatibility. Overall, in situ growth becomes a versatile and
straightforward approach for the fabrication of plasmonic biomaterials.

1. INTRODUCTION
Among other fields, plasmonic metal nanoparticles have found
broad utility in the biomedical field, as sensors,1−3

thermoplasmonic therapeutics,4,5 imaging agents,6−8 drug
carriers,9−11 and diagnostic tools.12,13 Many of these
applications require the attachment or incorporation of
nanostructures on a device or substrate. Both top-down14,15

and bottom-up16,17 fabrication methods can be used to create
nanoparticle coatings on other materials. Although top-down
fabrication provides a high degree of spatial precision, the
resulting plasmonic structures are usually of lower quality than
those made by bottom-up synthesis, and these techniques may
require conditions that are not compatible with all substrate
materials, e.g., high vacuum, high temperature.15,18 Bottom-up
synthetic chemistry stands out as one of the most robust and
controllable routes for preparing nanostructures with select
physical, chemical, and biological properties.19 For example, it
is possible to precisely synthesize a variety of anisotropic
colloidal nanoparticles, like stars and rods, with high yields
(>90%).20,21 However, incorporation of colloidal nanoparticles
onto substrates or devices usually requires complex multistep
processes involving batch synthesis, washing/ligand exchange/
surface functionalization, and/or self-assembly.16,17 Moreover,
it is challenging to create plasmonic nanoparticle coatings on
substrates with complex 3D features, using either bottom-up or
top-down approaches.19,22,23

Alternative to conventional top-down and bottom-up
fabrication, chemical “in situ growth” is an emerging synthetic

technique for creating plasmonic substrates whereby nano-
particles are formed directly on the surface of another material
via bottom-up chemical reduction of metal salts.24 In this way,
the benefits of a bottom-up chemical-synthetic approach are
exploited while avoiding lengthy self-assembly steps. So far, in
situ growth of plasmonic nanoparticles has been mainly
reported on hard substrates, i.e., glass, quartz, indium tin
oxide (ITO), and silicon.25−29 Only a few in situ growth
procedures for polymers have been reported, with poly-
dimethylsiloxane (PDMS) being the most frequent polymer
choice. Overall, both in situ seed-mediated and anisotropic
nanoparticle growth remain largely unaddressed for materials
like soft polymers and hydrogels, which are especially useful for
biological applications.30−32 It has been suggested that, since
the particles grow from a substrate support, colloidal stability
does not need to be considered and the use of toxic stabilizing
surfactants, commonly used in colloidal syntheses, may be
circumvented.24 Additionally, in situ growth enables the
fabrication of dense nanoparticle coatings on substrates with
curved or complex 3D features.29,33 However, in situ growth on
3D substrates has mainly been demonstrated in microfluidic
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channels, and there is a need for in situ growth strategies that
can be readily translated to substrates with different and
complex constructions.
Integration of hydrogels with plasmonic nanoparticles is of

high interest toward creating “nanocomposites” for tissue
engineering, photothermal platforms, and surface-enhanced
Raman scattering (SERS) bioimaging and sensing.34−36

Common hydrogels used for biological applications are based
on polymers like collagen, gelatin, alginate, and hyaluronic
acid.37−41 Hydrogels composed of gelatin methacryloyl
(GelMA) see widespread use in tissue and tumor mimics,42,43

cell culture substrates or scaffolds,44,45 biosensors,46 and
therapeutic platforms,47 due to their excellent biocompatibility
(the base component, gelatin, is a natural biopolymer) and the
high degree of tunability of GelMA’s physical properties.38 The
main approaches for the fabrication of hydrogel nano-
composites include: (i) mixing colloidal nanoparticles with
the uncured hydrogel polymer34,35,48,49 and (ii) nanoparticle
growth induced by ultraviolet (UV) light irradiation of the
metal precursor.50−52 With either of these strategies, nano-
particles are introduced throughout the entire gel, which may
undesirably alter the polymer’s physical and chemical proper-
ties.49,53,54 Regarding sensing applications, additional draw-
backs may include a reduced visible−NIR transparency, as well
as hindered diffusion of large/less hydrophilic analytes to
particle-containing sites,49 which are important factors for
applications where molecules, tissues,55 or seeded cells are to
be analyzed by SERS (i.e., in tissue/tumor models, drug
delivery platforms, films/wearable sensors, etc.). Electro-
chemical growth is another popular method for growing
metal nanoparticles on semiconductor and conductive polymer
surfaces specifically.56−59 However, controlling the morphol-
ogy and yield of anisotropic particles with electrochemical
growth is still challenging.56,59

We hypothesized that in situ growth can be used to create
coatings of anisotropic gold nanoparticles selectively on the
surface of soft materials like hydrogel substrates, including
those with complex geometries. Specifically, we demonstrate
the in situ fabrication of gold nanostars (AuNSt) on bulk
GelMA discs (1 cm diameter) and on 3D-printed scaffolds. We
targeted AuNSt because they exhibit multiple sharp features
hosting hotspots, which are efficient photothermal heaters and
enable significant enhancement of Raman signals for
biosensing and bioimaging applications.7,60−62 We tested
various routes based on both seed-mediated and seedless
bottom-up syntheses, which may offer different advantages
depending on the target application. We show that the in situ
approach is highly tunable, allowing modulation of the density
and size of the obtained nanostructures, through variation of
the growth conditions. Lastly, we evaluate the performance of
various − labeled and label-free − nanocomposites for SERS
applications in chemical and biological sensing and SERS
imaging.

2. EXPERIMENTAL SECTION
2.1. Materials. Gelatin from porcine skin (gel strength 300, type

A), 2-hydroxy-4′-(2-hydroxyethoxy)2-methylpropiophenone (irga-
cure, 98%), methacrylic anhydride (with 2,000 ppm topanol A as
inhibitor, ≥ 94%), and collagenase type II (from collagen type A)
were all purchased from Merck. Collagen type I (rat tail high
concentration) and fibronectin (human, natural) were purchased from
Corning. Analytical grade reagents, silver nitrate (AgNO3; ≥99.9%),
HAuCl4·3H2O (≥99.9%), L-ascorbic acid (99%), N-dodecyl-N,N-
dimethyl-3-ammonio-1-propanesulfonate (laurylsulfobetaine (LSB);

99%), hydrochloric acid (HCl; 37%), sodium citrate tribasic dihydrate
(citrate; ≥ 98%), Triton X-100 (TX; laboratory grade), 4-
m e r c a p t o b e n z o i c a c i d ( 4 -MBA ; 9 9% ) , O - [ 2 - ( 3 -
mercaptopropionylamino)ethyl]-O′-methylpolyethylene glycol
(PEG-SH 5,000 MW), and 200 proof ethanol (≥99.8%), were
obtained from Merck. MDA-MB-231 cells were purchased from the
American Type Culture Collection (ATCC, HTB-26). Dulbecco’s
modified Eagle’s medium (DMEM), fetal bovine serum (FBS), and
penicillin-streptomycin (PS) were purchased from Invitrogen. FBS
and PS were used at 10% and 1%, respectively, to prepare complete
DMEM (cDMEM). All cultures were grown in standard conditions at
37 °C with 5% CO2.

2.2. GelMA Synthesis. Gelatin methacryloyl (GelMA) was
prepared by dissolving 5 g of gelatin in 100 mL of 1× phosphate
buffered saline (PBS) solution at 50 °C, adapted from previous
works.63−65 After gelatin was fully dissolved, 4 mL of maleic
anhydride was added quickly under stirring (1000 rpm). The solution
was left to stir at 50 °C for 4 h, then purified by dialysis against water
for 5 days (45 °C, 400 rpm stirring), replacing water twice per day.
The solution was then isolated by freeze-drying. Hydrogels were made
by preparing a 10% w/w aqueous solution of GelMA with 0.5% w/w
photoinitiator irgacure at 70 °C. Once fully dissolved, ∼200 μL of the
solution was added into a square or circular well with a diameter of
∼1 cm and then cured with a UV lamp (Vilber Lourmat, VL-230, 30
W, 365 nm) for 30 min.

2.3. Gold Nanoparticle Synthesis. All glassware, lids, and
magnetic stir bars used for all syntheses were cleaned thoroughly with
aqua regia (3:1 concentrated HCl to HNO3 (68%, CAS: 7697-37-2))
and rinsed thoroughly with Milli-Q water three times before use.
Warning: Aqua regia is extremely corrosive and causes severe burns.
Care is needed for its preparation and usage.

2.3.1. Colloidal Synthesis. Gold seeds were synthesized following
an established protocol.21 An aqueous 1% sodium citrate solution (15
mL) was added to an aqueous solution of gently boiling 1 mM
HAuCl4 (100 mL) under vigorous stirring (>1000 rpm) in a 200 mL
Erlenmeyer flask. After a few seconds, the stirring was stopped, the
hot plate was turned off, and the solution was left undisturbed for 15
min. The final solution was cooled to room temperature and stored at
4 °C.
Citrate-capped AuNSt were prepared following a previously

reported method.21 In a typical synthesis, 5 mL of Milli-Q water
was combined with 5 μL of 1 M HCl and 25 μL of 50 mM HAuCl4
and mixed by hand. Then, 100 μL of seeds (Abs400 nm = 1.2) was
added rapidly to the solution. This was immediately followed by the
simultaneous rapid addition of 30 μL of 10 mM AgNO3 and 25 μL of
100 mM ascorbic acid, under vigorous magnetic stirring (>1000 rpm).
Functionalization of the colloidal stars with 4-MBA was performed
following a previously reported method:66 20 μL of 0.1 mM PEG-SH
(5,000 MW) was added for every 10 mL of AuNSt solution under
stirring (1000 rpm). The stars were centrifuged at 7,500 rpm for 10
min, followed by resuspension in Milli-Q water. Typical zeta-potential
values were between −23 and −30 mV at pH 5−5.5.

2.3.2. In Situ Seed-Mediated Synthesis. The substrates were
placed directly in the seed solution and the tube was shaken by hand
occasionally to ensure that the entire sample could be covered with
seeds. After 15 min, the substrate was removed from the seed solution
and rinsed with Milli-Q water. For LSB synthesis, a growth solution
containing 4 mL of 100 mM LSB, 60 μL of 50 mM HAuCl4, 60 μL of
10 mM AgNO3, and 40 μL of 1 M HCl was prepared based on a
reported method.29 Then, 200 μL of 100 mM ascorbic acid was
quickly added with stirring (∼1000 rpm). When the solution became
clear (∼2 s), the seeded hydrogel was added. For the synthesis with
TX, the same stepwise process was followed, but using 5 mL of 100
mM TX, 50 μL of 50 mM HAuCl4, 50 μL of 10 mM AgNO3, 150 μL
of 1 M HCl, and 160 μL of 100 mM ascorbic acid, a modified recipe
based on previous work.33,67,68 Additionally, because a higher quantity
of HCl was used in the TX synthesis, the solution became clear within
∼7 s (instead of ∼2 s). The substrates were recollected from the
growth solution and rinsed with Milli-Q water after 10 min.
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2.3.3. Seedless In Situ Synthesis. In the single-step synthesis,
GelMA substrates were added directly to a growth solution containing
4 mL of Milli-Q water, 60 μL of 50 mM HAuCl4, and 60 μL of 10
mM AgNO3 for ∼30 s. Then, 100 μL of 100 mM ascorbic acid was
added quickly under mild stirring (∼500 rpm). The solution should
change color to a purple-pink color after ∼10 s. After 5 min, the
substrate was removed and rinsed with water. The preloaded synthesis
was carried out by incubating the substrates in 2.5 to 50 mM ascorbic
acid aqueous solutions from 5 min to 3 h, as indicated (the selected
standard condition is 25 mM ascorbic acid for 30 min). Then, the
substrates were removed from the solution and rinsed with Milli-Q
water. The substrates were then incubated in a growth solution
containing 4 mL of water, 60 μL of 50 mM HAuCl4, and 60 μL of 10
mM AgNO3 with occasional stirring by hand. After 5 min, the
substrate was removed from the solution and rinsed with water.

2.4. 3D Printing GelMA Scaffolds and Cell Seeding. A
multiheaded 3D Discovery bioprinter (RegenHU, Switzerland) was
used for extrusion-based printing of the hydrogel scaffolds. A
pressure-driven dispenser was employed to extrude the material by
using a conical plastic needle with an internal diameter of 0.41 mm.
The ink was kept at 10 °C by using a cartridge cooler. The G-code for
square scaffolds was produced by using BIOCAD software
(RegenHU, Switzerland) with 1.5 mm spacing between fibers. The
scaffolds were printed at 10 mm s−1 flow rate and 0.180 MPa. After
each layer was deposited, GelMA was cross-linked in situ using a light
curing kit cartridge at 365 nm (output power of 500 mW). Finally, the
printed scaffolds were irradiated with a UV lamp for 1.5 min. The
scaffolds were functionalized with a fibronectin/collagen coating: 2.5
μL of 1 mg/mL fibronectin and 5.7 μL of 8.24 mg/mL collagen were
added to 969.3 μL of cell medium (DMEM) and incubated with the
sample at 37 °C for 1 h. The substrates were then incubated with 500
μL of MDA-MB-231 cell suspension (1 × 106 cells/mL) at 37 °C for
24 h. The cell viability was evaluated using standard calcein-AM/
propidium iodide live/dead staining.

2.5. Characterization. Spectroscopic and rheological character-
izations of hydrogels were performed using an Agilent 8453 UV−
visible−NIR photodiode array spectrophotometer and an MCR 302
rheometer (Anton Paar, Spain), respectively. The GelMA solid was
characterized by 1H NMR (500 MHz, D2O), and the chemical shift
scale was adjusted to the solvent residual signal D2O δ (1H) = 4.79
ppm (full details are provided in the Supporting Information).
Transmission electron microscopy (TEM) images were collected

with a JEOL JEM-1400PLUS transmission electron microscope
operating at 120 kV. The particles grown on hydrogels were collected
for TEM characterization by incubating the substrates in a 1 mL
solution of collagenase at 1 mg/mL (∼200 U/mL) in PBS and
incubating at 37 °C for 2 days until GelMA was dissolved. The
solution was washed by centrifugation twice (15 min, 7.5 krpm),
resuspended in water, and then drop-cast onto a TEM grid. Zeta
potential measurements were obtained for 4-MBA capped AuNSt, by
using a Malvern Zetasizer 3000 HS particle size analyzer (Malvern
Instruments, U.K.). The colloidal nanoparticle solutions were set to
an extinction of 0.3 at 400 nm.
Scanning electron microscopy (SEM) images were acquired on a

Quanta-FEG 250 ESEM instrument (Field Electron and Ion
Company, FEI; Hillsboro, Oregon, United States). Hydrated gels
were measured in environmental mode, at 10−20 kV, spot 3−4, 655
Pa, with a live fiber detector (LFD). The cross-sections of the gels
were prepared by the freeze-fracture method, dried, and imaged under
low-vacuum conditions. The images of the scaffold were obtained
with a JSM-IT800HL from JEOL (Tokyo, Japan) equipped with a
top-view backscatter electron detector (BSE detector, scintillator-
photomultiplier detector design) using 3−5 kV, under a high vacuum.
Raman spectra comparing the SERS intensities of 4-MBA were

acquired using an inVia Renishaw Raman microscope. 2D z-maps of
the substrates were performed with a confocal Raman microscope
(Alpha300 R − Confocal Raman Imaging Microscope, Witec GmbH,
Germany). Full measurement parameters are given in the Supporting
Information.

XPS experiments were performed in a Versaprobe III Physical
Electronics (ULVAC) spectrometer with a monochromatic X-ray
source (aluminum Kα line of 1487 eV), calibrated using the 3d5/2 line
of Ag at 368.26 eV (additional details are provided in the Supporting
Information).
Confocal images were recorded in a Zeiss LSM 880 confocal laser

scanning microscope, equipped with 405 nm (blue fluorophore
excitation), 488 nm (green fluorophore excitation), and 633 nm (far
red fluorophore excitation) lasers and Plan-Apochromat 10× (0.45
NA) and Plan-Apochromat 20× (0.8 NA) objectives. The z-stacks
(ca. 50 μm thick) of the 3D scaffolds with MDA-MB-231 cells were
obtained and a postimaging maximum intensity projection (MIP)
filter was applied.

3. RESULTS AND DISCUSSION
Taking inspiration from colloidal methods, we initially
approached the fabrication of AuNSt surface coatings using a
hybrid strategy combining colloidal and in situ growth. This so-
called seed-mediated growth involves nanoparticle nucleation
and growth steps being performed sequentially in separate
reaction steps and is one of the most established bottom-up
synthetic methods for AuNSt.21,33,67−70 Therefore, our first
strategy involved the attachment of colloidal seeds to the
precured gel, followed by in situ overgrowth of branches from
the immobilized seeds. Established colloidal AuNSt protocols
employing the shape-directing surfactants laurylsulfobetaine
(LSB) and Triton X-100 (TX) were adapted for in situ
overgrowth on GelMA hydrogels, according to the procedure
schematically shown in Figure 1A.33,67,68 10% w/w GelMA
hydrogels were prepared as described in the Experimental
Section. Then, the GelMA substrates were incubated in a
dispersion of presynthesized ∼13 nm citrate capped nano-
spheres (prepared by the Turkevich-Frens method, Figure
S1),71,72 leading to uniform adsorption, as confirmed by SEM
(Figure S2). Next, the mild reducing agent ascorbic acid was
added to a growth solution containing HAuCl4 and other
shape-directing reagents (LSB, TX, AgNO3, and HCl; see
Experimental Section), and the seeded substrate was
introduced into this growth solution immediately. The
resulting structures were analyzed by both TEM and SEM,
as illustrated in Figure 1B−F (low-magnification SEM images
and size distributions are provided in Figures S3−S5). The
resulting composite hydrogels showed a dark blue color
(Figure 1A).
We aimed at promoting AuNSt growth specifically on the

substrate, meaning that secondary nucleation of colloids in the
growth solution, which directly competes with on-substrate
growth by the consumption of reagents, should be prevented
by tuning the reaction conditions. In the case of LSB-capped
AuNSt (AuNSt@LSB), the appropriate reaction conditions
yielding minimum secondary nucleation were selected, based
on prior reports for in situ preparation of AuNSt@LSB on
PDMS,31,32 silane-functionalized glass, and ITO substrates.29,33

Secondary nucleation was prevented by slowing the reaction
through addition of HCl, thereby decreasing the concentration
of ascorbate anions responsible for the reduction of Au3+ into
Au+. Ascorbic acid is also used as a mild reducing agent in the
TX-capped AuNSt (AuNSt@TX) synthesis, so a similar
strategy may be used to adapt the colloidal protocol in situ.
The synthesis was optimized by varying the concentration of
HCl, as described in Figure S6. Both AuNSt@LSB and
AuNSt@TX could be dispersed for TEM characterization by
dissolving GelMA in a collagenase solution. The recovered
LSB- and TX-stabilized AuNSt had average tip-to-tip diameters
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of 51 ± 24 and 57 ± 15 nm and core diameters of 20 ± 15 and
34 ± 4 nm, respectively (n = 150; Figure S5). TEM analysis
confirmed that both products exhibited branched morpholo-
gies (Figure 1B,C) and the presence of AuNSt coatings at the
surface of the hydrogel was confirmed by SEM (Figure 1D,E).

Ultimately, the morphology and branching of AuNSt@TX
were similar to those of AuNSt@LSB (Figure 1C,E,G).
Unexpectedly, second populations of much larger AuNSt

were consistently obtained from seeded-growth syntheses
using both TX and LSB (Figure 1F,G). Low-magnification
SEM images showed that the distributions of seeds (prior to
seeded growth) and small AuNSt were alike (Figures S2−S4).
We therefore hypothesized that ∼50−60 nm stars do result
from seed-mediated growth, whereas larger AuNSt could stem
from either: (i) secondary nucleation in solution, then
deposition of the colloidal particles on the substrate or (ii)
spontaneous nucleation and growth of nanostars directly on
the gel (not from adsorbed seeds). Control experiments
comprising only the second synthetic step (no seeding) yielded
products consistent with the morphology of the larger AuNSt,
thereby supporting the latter hypothesis (ii) (Figure 1H,I).
Observation of negligible secondary nucleation in solution −
due to HCl addition − also indicates that the large AuNSt are
indeed produced from direct nucleation on GelMA.
Ideally, the realization of a fully in situ growth method

without the need for any colloidal presynthesis steps would
further simplify and reduce the preparation time for the
nanocomposites. Therefore, we optimized AuNSt growth
directly from the gel without any surfactants or seeds,
following the procedure sketched in Figure 2A (“single-step”
seedless in situ growth). When the cured hydrogels (prepared
as described in the Experimental Section) were incubated in an
aqueous solution containing HAuCl4, AgNO3, and ascorbic
acid, products with branched morphologies were also obtained
(41 ± 18 nm tip-to-tip and 20 ± 7 nm core diameter, n = 150,
Figure 2B), which could be extracted and characterized by
TEM (Figure 2B, inset). However, unlike the seeded synthesis
in the presence of LSB and TX, significant secondary
nucleation occurred under these growth conditions. UV−
visible spectroscopy and TEM characterization showed that
the products found in the growth solution (collected
immediately at the time when substrate growth was
completed) had morphologies different from those found on
the gel (Figures 2C,D and S7). The observation that the
particles present in the growth solution and those on the
substrate were distinct in both size distribution and shape
supports the idea that particles on the substrate did not arise
from the deposition of colloidal particles. Incubation of the
substrate with premade surfactant-free AuNSt@citrate, even
overnight, did not result in deposited particles on the gel,
further supporting this conclusion (Figure S8). Altogether,
these data indicate that nanostars did grow directly on the gel
surface, as desired.
Even though single-step synthesis did successfully produce

nanostar coatings, we decided that both coverage and yield of
AuNSt (typically ∼60−70% yield) could be improved.
Therefore, a different growth strategy was pursued to further
reduce undesired secondary nucleation and favor AuNSt
growth in situ. In this case, we attempted to prevent secondary
nucleation by confining the reducing agent to the substrate
(ascorbic acid “pre-loaded” seedless in situ growth), following
the process sketched in Figure 2E. The cured hydrogels were
first incubated in ascorbic acid solution at the chosen
concentration (between 2.5 and 50 mM) for a certain period
(5 min to 3 h), then the sample was rinsed with Milli-Q water
to prevent excess ascorbic acid from causing secondary
nucleation in solution. The substrate was finally immersed in
a growth solution containing HAuCl4 and AgNO3, under

Figure 1. (A) Schematic illustration of the growth of gold nanostars
(AuNSt) from colloidal Au@citrate seeds in the presence of
laurylsulfobetaine (LSB) and triton X-100 (TX) as surfactants. The
chemical structure of the ligands and digital photographs of the final
substrates are shown below the scheme. TEM images of AuNSt@LSB
(B) and AuNSt@TX (C), collected after dissolving GelMA. SEM
images showing AuNSt at the hydrogel surface for AuNSt@LSB (D,
F) and AuNSt@TX (E, G). Scale bars of insets: 100 nm. Additional
SEM images are provided in Figures S2−S4, and size distributions are
plotted in Figure S5. SEM images of the substrate after incubation in a
growth solution containing LSB (H) and TX (I), with no seeding step
(control experiments).
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magnetic stirring (see the Experimental Section for details).
Any secondary nucleation in the supernatant was monitored by
UV−visible spectroscopy (Figure S11), and the products were
evaluated with SEM (Figure S12). Dense coatings of highly
branched structures were obtained at incubation times of 30
min in 25 mM ascorbic acid (Figures 2F and S10). These
particles were larger (∼100 nm tip-to-tip with ∼80 nm core

size, n = 150, Figure S11C) than those formed by the single-
step method, in which ascorbic acid was directly added to the
growth solution, consistent with an increased yield of in situ
gold reduction. It should be noted that large AuNSt with no
capping ligands are challenging to prepare in colloidal
suspension due to their tendency to aggregate or reshape but
are advantageous for SERS and other applications due to their
high scattering efficiency, robust local electromagnetic fields,
higher degree of branching, and easier analyte adsorption,
thereby highlighting yet another advantage of the in situ growth
method.1,62,73,74

Going forward, we interrogated the general mechanism
behind direct in situ growth and considered that it may be
related to the coordination of Au3+ to the native chemical
functionalities of GelMA, specifically related to the presence of
peptide bonds, which was studied by Raman scattering and X-
ray photoelectron spectroscopy (XPS). Gelatin comprises
various amino acids, thus containing secondary amides and
carbonyl groups from peptide bonds and amino acid residues
(e.g., proline contributes pyrrolidine groups) (Figure 3A).
Different quantities of primary amines, also capable of
coordinating to Au3+, are present depending on the
methacrylation degree, which was evaluated as ∼80% for a
typical batch prepared as described above (see also the
Materials and Methods section in the Experimental Section;
1H-NMR characterization is shown in Figure S13).
When GelMA was incubated in an aqueous solution of

HAuCl4, the substrate changed from clear to yellow within a
few minutes, then to orange after ∼24 h, and to deep red after
∼48 h (Figure S14). The initial color change from clear to
yellow/orange is likely due to the coordination of Au3+ to
GelMA via nitrogen- and oxygen-containing functional groups
(secondary amides and a small population of primary amines −
considering that only ∼20% of lysine residues are non-
methacrylated).37 Raman scattering measurements showed the
disappearance of two bands following incubation with HAuCl4
for 24 h: the Amide I band at 1603 cm−1 and the weak C−H2
twisting band (possibly corresponding to the pyrrolidine ring)
at 1172 cm−1 (Figure 3B,C). Furthermore, the amide I and
amide III bands at 1666 and 1235 cm−1, respectively, shifted
toward lower frequencies, consistent with metal ion coordina-
tion to amide regions (Figure S14, and Raman peak
assignments are given in Table S2). The final color change
from orange to deep red suggests complete reduction into Au0,
in the presence of GelMA (without any added reducing
agents). Therefore, GelMA itself acts as a reducing agent in the
synthesis. Indeed, XPS and SEM characterization confirmed
both the presence of Au0 and the formation of nanoparticles,
respectively (Figures S14 and S15 and Tables S3 and S4). At a
low pH, ascorbic acid is only capable of reducing Au3+ to Au+
(which form Au(III)Cl4− and Au(I)Cl2− in solution,
respectively). The final reduction to Au0 and the formation
of nanoparticles may thus occur either by spontaneous
disproportionation of Au(I)Cl2− into Au(III)Cl4− and Au0,
or via a redox reaction with the gel.75 When performing both
single-step and preloaded in situ growth on unmodified gelatin
substrates (chemical structure shown in Figure 3A), AuNSt
coatings were also produced with no other changes to the
synthetic procedure (Figures 3D,E and S16). This result is
relevant because it indicates that these syntheses may be
broadly translatable to other biocompatible materials contain-
ing peptide bond structures (e.g., collagen), and peptide or

Figure 2. (A) Schematic view of the process for in situ single-step
growth for gold nanostars on gelatin methacryloyl. (B) SEM image of
the products on the gel surface, and (inset) TEM image of particles
collected from the dissolved gel. (C) TEM image of the particles
formed in the growth solution (as a result of secondary nucleation,
not grown on the substrate; Ø = 26 ± 11 nm for the supernatant and
Ø tip-to-tip = 41 ± 18 nm for in situ products, respectively; n = 150).
(D) Size distribution of the products in the growth solution vs those
formed on the substrate. (E) Scheme describing the synthesis of gold
nanostars in a preloaded fashion, where nanoparticles form specifically
on the substrate, rather than both on the substrate and in solution.
(F) SEM image of nanostars prepared using the preloaded approach,
and (inset) TEM image of particles collected after dissolving the gel.
Additional SEM images are provided in Figures S9, S10, and S12, and
size distributions are plotted in Figure S11.
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protein-based hydrogels), which would significantly expand the
applicability of in situ growth.
We next evaluated whether in situ growth indeed leads to

selective AuNSt formation on the gel surface. Nanocomposites
containing colloidal AuNSt prelabeled with the Raman
reporter 4-mercaptobenzoic acid (4-MBA) were prepared
based on a previously reported method (Figures 4A and
S17).66 Nanocomposites with in situ-grown AuNSt were also
prepared and incubated with 4-MBA. The spatial distributions
of SERS signals at different depths for substrates containing
labeled AuNSt were measured for the different preparations
(Figure 4). Although high concentrations of AuNSt@4-MBA
were used for the nanocomposites incorporating colloidal
particles, SEM imaging showed few particles at the hydrogel
surface (Figure 4B) and confocal SERS mapping yielded a
uniform signal throughout the entire volume (Figure 4C,
surface indicated with a white dashed line). On the other hand,
confocal SERS confirmed that all the in situ-prepared samples
exhibited the characteristic signal of 4-MBA at 1082 cm−1

primarily near the surface (Figure 4D−G). In some cases,
extraneous SERS signals were present farther away from the
surface, and SEM characterization of gel cross-sections did
reveal the occasional presence of small groups of AuNSt at
deeper locations (Figure S18), which would explain the SERS
signal from those regions. However, SEM images of the cross-
sections for all samples confirmed that the vast majority of
AuNSt were present within the topmost few μm of the
hydrogel, in agreement with SERS maps (Figures 4H−K and
S19).
Plasmonic substrates functionalized with Raman reporters,

e.g., 4-MBA, are useful for bioimaging35 and biosensing (pH,
reactive oxygen species, etc.).66,76,77 In this context, we next
investigated whether surface localization of AuNSt would lead
to an improvement of the SERS signal for substrate-bound

Raman reporters due to a lower background scattering from
the bulk of the gel and increased presence of plasmonic
nanoparticles at the gel−solution interface. Our results indeed
revealed that the SERS signal for 4-MBA was nearly 2 orders of
magnitude higher for substrates prepared by the seed-mediated
in situ growth methods (labeled LSB and TX) and ∼1 order of
magnitude higher for the single-step and preloaded in situ
growth approaches (labeled single-step and preloaded,
respectively), compared to a substrate prepared from
presynthesized colloids (Figure 5A,B). Overall, the difference
in SERS signals from seeded and seedless growth methods
could be explained by a better match of their plasmonic
response to the excitation laser line at 785 nm (Figure 5D).
Previously reported simulations showed that an increased
density of AuNSt does not afford significantly improved SERS
enhancement factors (calculated as the intensity of the SERS
signal divided by the Raman signal).78 However, denser AuNSt
coatings do increase the coverage of the Raman reporter,
which would account for the difference in SERS signal between
the nanocomposites prepared by single-step and preloaded
seedless in situ growth.62 In addition to the intensity, the SERS
signals should also be as uniform as possible across the
substrate, so we show that the spot-to-spot percent error is
comparable between the colloidally prepared and in situ
prepared nanocomposites (Figure 5C).
For completeness of the characterization of the various

AuNSt-loaded hydrogels, we explored whether the incorpo-
ration of nanoparticles would disrupt the hydrogel network
and its properties.49,53,54 Rheological characterization was thus
applied to the samples prepared by in situ growth (Figure S20
and Table S5). It was found that the values of the elastic
storage modulus (G′) for AuNSt composites prepared by in
situ growth were more similar to those for native GelMA than
for nanocomposites prepared by addition of colloidal particles.

Figure 3. (A) Schematic representation of the reaction between gelatin and methacrylic anhydride to produce gelatin methacryloyl (GelMA) and
subsequent GelMA cross-linking. (B, C) Raman scattering spectra showing changes in the characteristic GelMA peaks after incubation of the gel
with HAuCl4 for 24 h. SEM images of gold nanostars formed on 10% w/w gelatin (nonmethacrylated) by single-step (D) and preloaded (E) in situ
growth (insets: digital photographs of gelatin substrates after AuNSt growth).
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This result indicates that the ability of the hydrogel to
elastically store energy remains relatively unaffected when in
situ growth is used, minimally affecting the gel’s native physical
properties.79,80

GelMA has also been applied as a substrate to support
growth/differentiation and to study proliferation/invasion of
stem and cancer cells, and is a usual component in 3D-printed
cell culture scaffolds.43,44,81,82 Prior works showed that
incorporation of plasmonic nanoparticles in such schemes
enable multimodal-bioimaging and SERS sensing.35,49 Thus,
we interrogated the possibility of using nanocomposites made
by in situ growth for these applications, first demonstrating that
AuNSt coatings could be prepared on 3D-printed GelMA

scaffolds and subsequently seeding breast cancer cells (MDA-
MB-231) on top of the scaffold for SERS studies. Whereas the
high-density deposition of surfactant-free AuNSt specifically on
the surface of 3D architectures is extremely challenging when
starting from colloidal samples, it was found that in situ growth
makes it possible to fabricate such coatings within less than 1
h. We 3D-printed GelMA scaffolds and subsequently incubated
them in a growth solution, following the preloaded in situ
growth procedure schematically described in Figure 2C. The
successful coating of AuNSt on the scaffold’s irregular features
could be observed both by brightfield microscopy and SEM
(Figure 6A−D). When the nanoparticles on the scaffold were
functionalized with 4-MBA, SERS maps following the structure

Figure 4. (A) Schematic showing the procedure for preparing hydrogels with 4-mercaptobenzoic acid labeled gold nanostars prepared in colloidal
suspension. (B) SEM image showing the surface of a hydrogel mixed with a AuNSt colloid (=0.5 mM; Abs400 = 1.2). Few nanostars can be
observed in the SEM images, indicated by blue circles. Surface-enhanced Raman scattering (SERS) depth slice maps (1−10 mW, 0.01−0.05 s
integration; full details provided in the Supporting Information) showing the localization of the SERS signal corresponding to the characteristic
peak of 4-mercaptobenzoic acid (4-MBA) at 1082 cm−1, for substrates prepared using the different approaches: with colloidal nanostars (C), or
seeded in situ growth using laruylsulfobetaine (LSB) (D) and Triton X-100 (TX) (E) as surfactants, single-step in situ growth (F), and preloaded in
situ growth (G). SEM images showing the substrates in a cross-section profile for seeded in situ growth with LSB (H) and TX (I) as capping
ligands, single-step in situ growth (J), and preloaded in situ growth (K) substrates. The visibility of the sample surface differs from sample to sample
depending on the angle of the surface relative to the detector upon drying. Dashed lines were added as a guide to the eye, indicating the division
between the internal part of the gel and the surface coated with nanostars. Low-magnification SEM images of the dried cross sections are shown in
Figure S19.
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of the scaffold could be retrieved using 43.6 mW (power at
surface measured after passing a 10× objective, NA = 0.25)
and a short 0.01 s accumulation time. These parameters
enabled faster large-area image acquisition, compared to recent
studies on similar scaffolds,49 again highlighting the utility of in
situ growth substrates for SERS imaging.
Next, as a proof-of-concept biological application, GelMA

scaffolds were 3D-printed and coated with AuNSt, following
the preloaded synthesis procedure, and MDA-MB-231 cells
were attached to the scaffolds. Instead of adding a Raman tag, a
collagen/fibronectin layer was added to the scaffolds after
AuNSt growth to promote cell seeding on the substrate
(Figure 6E). We found that label-free sensing and 2D mapping
of cells could be successfully performed without the addition of
any Raman reporters. A quantifiable difference was identified
in the density and morphology of cells on the scaffold,
compared to the 2D cell culture. The cells adsorbed on the
scaffold appeared to have a lower surface coverage and more
rounded morphologies (average single cell area ≈300 μm2 and
130 μm2, in 2D and on the scaffold, respectively, both with and
without AuNSt, Figure S20). However, viability evaluation 24
h postseeding via calcein-AM/propidium iodide staining for
MDA-MB-231 cells showed similar results in the nano-
composite scaffolds, 2D culture and GelMA scaffolds without
AuNSt (Figure S21). The 3D distribution of cells in the holes
of the scaffold could also be clearly imaged by fluorescence
confocal microscopy (Figure S22). Additionally, SERS spectra
recorded from cell-containing regions showed distinct peaks,
characteristic of unsaturated fatty acids found in the cell
membrane, as well as amino acids (tyrosine or tryptophan/
valine) at ∼1450 and 950 cm−1, respectively. Other peaks at
520 and 450 cm−1 appeared more prominent at cell-containing
regions, which may correspond to disulfide links present in
proteins and wagging modes of carbonyl functional groups,
possibly associated with the cell membrane, respectively.83−85

However, there is also some evidence of these peaks in the
spectra from off-cell regions (Figures 6G,S23 and S24). It
should be stressed that, although different peaks were
observed, the SERS map with the highest fidelity to the
corresponding bright field image was built from the peak at
∼950 cm−1 (Figures 6H andS24). Ultimately, although the
scaffold resolution, substrate material, and cell-adhesive coating
require further optimization, our results show that in situ
growth offers a pathway to the fabrication of complex
plasmonic nanoparticle-hydrogel materials with tunable

properties with potential for various applications, especially
labeled and label-free chemical and biological sensing and
bioimaging.

4. CONCLUSIONS
We demonstrated the possibility to translate in situ synthesis of
AuNSt onto hydrogel substrates (GelMA), applying both seed-
mediated in situ overgrowth and direct in situ growth, without
any colloidal presynthesis steps. The unconventional synthetic
methods developed here produce dense AuNSt coatings
selectively near the surface of the polymer material.
Furthermore, the developed nanocomposites are characterized
by up to ∼100× higher SERS signals than similar materials
prepared from colloids. The versatility of the in situ growth
method for targeting substrates with different geometries was
demonstrated, and dense layers of AuNSt were created on
complex substrates with 3D features within minutes, which is
difficult to achieve using colloid-based approaches. The high
SERS signals from AuNSt labeled with a Raman reporter
molecule enabled rapid image acquisition of 3D scaffolds and
proof-of-concept tests applying these substrates for label-free
biological sensing and imaging were also realized. The results
of this work highlight the ease and tunability of in situ wet-
chemical fabrication for creating nanoparticle coatings on soft
polymers, which can be useful for a wide range of applications,
including chemical and biological sensing, and SERS imaging.
Looking ahead, although surfactant-free syntheses are

attractive for biological applications, the highest SERS signals
were observed when using seeded growth. Thus, to further
improve the yield and uniformity of the surfactant-free growth,
and consequently the SERS performance, we envisage a two-
step method where the spatiotemporal separation of nucleation
and growth is replicated. Moreover, unlike with hard
substrates, the ability to widely tune the chemical and physical
properties/compositions of the gels allows us to explore
synthetic routes that might be helpful toward the growth of
particles with different shapes. Future studies will also pursue
the translation of in situ AuNSt growth on different peptide-
containing polymers. Overall, the fabrication method pre-
sented herein will be useful in instances where the plasmonic
nanoparticles must be readily accessible at interfaces, such as
for studying analytes that cannot penetrate gel structures (e.g.,
macromolecules and/or hydrophobic species), grafted 2D cell
cultures (either with label or label-free), or tissues.

Figure 5. (A) Representative surface-enhanced Raman scattering (SERS) spectra for substrates prepared with colloidal nanostars (“colloids”), the
seed-mediated in situ growth approaches with laurylsulfobetaine and Triton X-100 (“LSB” and “TX,” respectively), single-step in situ growth, and
preloaded in situ growth. (B) Comparison of the uniformity of the intensity of the peak corresponding to Raman reporter molecule 4-
mercaptobenzoic acid (4-MBA) for the substrates made by each method (n = 5 for each). (C) Comparison of the percent error in the 4-MBA
SERS signal (spectra taken at 7.1 mW (power at surface), 3 s accumulation, 50× long working distance objective, NA = 0.5). (D) Normalized UV−
visible extinction spectra of the nanocomposites.
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