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Spatial Analysis of Metal–PLGA Hybrid Microstructures 
Using 3D SERS Imaging

Malte S. Strozyk, Dorleta Jimenez de Aberasturi, Jason V. Gregory, Mathias Brust,  
Joerg Lahann,* and Luis M. Liz-Marzán*

The incorporation of gold nanoparticles in biodegradable polymeric nanostruc-
tures with controlled shape and size is of interest toward different applications 
in nanomedicine. Properties of the polymer such as drug loading and antibody 
functionalization can be combined with the plasmonic properties of gold nano-
particles, to yield advanced hybrid materials. This study presents a new way to 
synthesize multicompartmental microgels, fibers, or cylinders, with embedded 
anisotropic gold nanoparticles. Gold nanoparticles dispersed in an organic sol-
vent can be embedded within the poly(lactic-co-glycolic acid) (PLGA) matrix of 
polymeric microstructures, when prepared via electrohydrodynamic co-jetting. 
Prior functionalization of the plasmonic nanoparticles with Raman active mol-
ecules allows for imaging of the nanocomposites by surface-enhanced Raman 
scattering (SERS) microscopy, thereby revealing nanoparticle distribution and 
photostability. These exceptionally stable hybrid materials, when used in com-
bination with 3D SERS microscopy, offer new opportunities for bioimaging, in 
particular when long-term monitoring is required.

DOI: 10.1002/adfm.201701626

1. Introduction

The 21st century is the era of modern nanomedicine, when 
nanotechnology and biotechnology converge into a new foun-
dation that enables entirely novel modalities for diagnostics, 
sensing, and therapy.[1,2] The development of new microscopic 
and spectroscopic techniques combined with the prepara-
tion of nanomaterials with a high degree of control is crucial 

Imaging

to the development of new drug carrier 
systems and therapeutic methods.[3] One 
example is given by surface-enhanced 
Raman scattering (SERS), a ultrasensitive 
imaging tool, which, in combination with 
engineered particle systems, has already 
found a variety of applications.[4,5] The 
ability to tune the excitation wavelength 
into the near infrared (NIR) range, the 
so-called biological transparency window 
(650–950 nm), leads to improved light 
penetration in living tissue, while the low 
Raman cross section of water and the 
potential for multiplexed measurements 
over long periods of time, render this 
technique ideal for nanomedicine applica-
tions.[5–7] For example, Contag, Gambhir, 
and co-workers recently introduced a 
Raman spectrometer coupled to an endo-
scope for SERS-based endoscopy.[8,9] 
Crucial for this and other applications 

are nanoparticles functionalized with Raman active molecules 
(SERS-tags).[5,10] A common strategy toward achieving stable, 
SERS active nanostructured materials, comprises the inte-
gration of both polymers and gold nanoparticles into hybrid 
materials. Recent examples have been reported for a variety 
of systems, where, e.g., a thin polymer shell acts as the par-
ticle stabilizer, the polymer itself being used as the SERS tag, 
or where gold particles are embedded in SERS tag-loaded 
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hydrogels.[6,11–13] These systems are often too specific and 
intrinsically limited to specific shapes, sizes, and surface func-
tionalizations. Embedding metal nanoparticles in a biodegrad-
able polymeric system, which can be modulated in shape and 
size, would offer more versatile alternatives for applications 
in nanomedicine. This kind of polymers can be easily used 
as anchor points for further functionalization with targeting 
molecules, as cavities for drug loading, or as smart polymers 
that are responsive to a specific stimulus.[14,15] Interestingly, 
a simple modification of the size of a polymeric microgel can 
result in a different cell uptake mechanism.[16] In this con-
text, poly(lactic-co-glycolic acid) (PLGA) is a biocompatible 
(FDA approved)[17] and biodegradable polymer, which is widely 
used to fabricate nanostructures like microgels, nanoparticles, 
fibers, or rods.[18,19] PLGA can also be loaded with drugs and 
functional molecules for further surface functionalization.[20,21] 
Additional complexity has also been imparted to PLGA nano-
structures by implementing multicompartmental structures 
for highly specific applications, such as drug delivery systems 
containing two different drugs and distinct release profiles.[22,23] 
Embedding metal nanoparticles in PLGA particles can be used 
to combine different optical, electrical, and magnetic features, 
thereby increasing the range of potential applications.[24] Gold 
nanoparticles, in contrast to PLGA, are optically active and 
show interesting behavior upon laser irradiation, including 
local heating that can be exploited for thermoresponsive 
delivery methods, as well as the above-mentioned SERS activity, 
which can be used for imaging.[25] These biological applica-
tions are favored for gold nanoparticles with shape anisotropy, 
such as gold nanostars (AuNSs), which absorb ≈800 nm, where 
tissue displays reduced absorption and, in turn, increased pen-
etration depth.[26] However, anisotropic nanoparticles are often 
grown in water or other solvents with high dielectric constants, 
which may hinder their encapsulation in polymers.[27–29]

We present here a universal method to embed metal nano-
particles of various composition, shape and size, in PLGA 
nanomaterials by means of the so-called electrohydrody-
namic (EHD) co-jetting process. This process has been well 
established for PLGA over the last decade and offers a high 
throughput method to synthesize PLGA microgels of different 
sizes and morphologies.[19] Transfer of gold nanoparticles from 
water into chloroform (CHCl3)[6,30] was accomplished using 
hydrophobic SERS active molecules, which act as both capping 
agents and SERS labels. The resulting nanoparticles with high 
and reliable SERS signals can be embedded in selected com-
partments of the PLGA particles, while different fluorescent 
dyes were added to other compartments, thereby allowing us 
to expand the standard characterization methods (transmis-
sion electron microscopy (TEM), scanning electron microscopy 
(SEM), and fluorescence microscopy) and using 3D confocal 
SERS microscopy (3D-SERS) to identify the nanoparticle dis-
tribution inside the polymer. To avoid potential interferences 
arising from the fluorescence of the dyes, these were selected 
so that their absorption and emission were sufficiently far 
away from the laser excitation wavelength (785 nm in this case) 
used for SERS measurements. Even though 3D-SERS imaging 
offers powerful and complementary possibilities, it is still fairly 
undeveloped due to its complexity, as the weak nature of the 
Raman signal and its complicated scattering behavior require 

finding a suitable compromise for the optimum pinhole size 
that ensures confocality as well as sufficiently high signal inten-
sity.[31] Recently, a few groups developed substrates to demon-
strate Raman imaging with high spatial resolution in 3D.[13,32,33] 
Especially Ozaki and co-workers recently showed the recon-
struction of a 3D plasmonic structure using 3D-SERS.[32] Prom-
ising applications for 3D SERS imaging would be, e.g., related 
to monitoring of implanted scaffolds for tissue regeneration, 
so as to control their degradation over time, in combination 
with tissue growth. This is commonly done by using invasive 
methods such as histology, which do not allow continuous 
monitoring, while noninvasive methods such as fluorescence 
microscopy are often limited in penetration depth, sensitivity, 
and long-term stability, as well as by photobleaching.[34,35]

We introduce here the synthesis of PLGA–metal nano-
particle hybrid materials using EHD co-jetting. AuNSs labeled 
with different SERS active molecules were embedded in sepa-
rate compartments of different polymeric structures (particles 
and fibers), and 3D-SERS imaging was used to monitor the dis-
tribution of the particles inside the polymer. We propose that 
these hybrid materials containing SERS labeled nanoparticles 
and thus allowing characterization by means of SERS imaging, 
offer significant advantages over existing fluorescence-based 
materials for bioimaging.

2. Results and Discussion

2.1. Synthesis of Bicompartmental PLGA Nanoparticles Loaded 
with SERS Encoded Nanoparticles in Separate Hemispheres

The preparation of hybrid multicompartmental PLGA–plas-
monic microparticles is schematically illustrated in Figure 1. 
Nanoparticles synthesized in aqueous solution were transferred 
into CHCl3 by means of a protocol previously reported by our 
group.[30] A Raman active molecule was used as surfactant 
during this process to obtain highly stable and bright SERS 
tags. The resulting particle suspension was mixed with various 
amounts of PLGA and different fluorescent dyes: ((Poly[(m-
phenylenevinylene)-alt-(2,5-dihexyloxy-p-phenylenevinylene) as 
a blue dye or poly[tris(2,5-bis(hexyloxy)-1,4-phenylenevinylene)-
alt-(1,3-phenylenevinylene)] as a green dye.

Gold nanostars were specifically selected for most of the 
experiments due to their strong absorbance in the NIR range 
(see TEM images and optical spectra in Figure S1, Supporting 
Information) and their outstanding performance as SERS 
tags, to conduct 3D SERS measurements. The Raman active 
molecules biphenyl-4-thiol (4-BPT) and 2-naphtalene-thiol 
(2-NAT) were used as ligands due to their strong binding affinity 
to gold surfaces and their characteristic and easily distinguish-
able Raman signals. The final particle size was influenced by 
the solvent composition and the molecular weight of PLGA.[19] 
When using 17 kDa PLGA and 70:30 CHCl3:DMF, particles of 
≈600–800 nm were obtained, whereas 40 kDa PLGA in 70:30 
CHCl3:DMF yielded particles of ≈1–2 µm, and using 50–75 kDa 
PLGA and solvent ratios between 70:30 and 97:3 CHCl3:DMF, 
particles in the range of 3–8 µm could be produced.

In order to demonstrate universality of the method, we also 
prepared polymeric particles containing SERS-encoded 30 nm 
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AgNPs and 40 nm iron oxide particles (Figure 1; Figures S2 
and S3, Supporting Information). AgNPs are ideal for SERS 
measurements at laser excitation wavelengths ≈500–600 nm, 
whereas magnetic nanoparticles could be used to separate/col-
lect the hybrid particles by magnetophoresis. In an additional 
experiment, the PLGA surface was functionalized with car-
boxylic acid groups, by adding 30% of 5050 DLG 1A polymer 
(5.9 kDa) to the initial PLGA/AuNSs mixture (Figure S4A, Sup-
porting Information). For subsequent experiments, these can 
be useful as anchor points for further (bio) functionalization, 
e.g., with antibodies.

For EHD co-jetting, the polymer/particle/dye mixtures were 
flown in a laminar regime through parallel mounted metallic 
needles at 0.2 mL per hour. After a stable droplet was formed at 
the interface of the polymeric solutions, a voltage was applied 
between the droplet and a collector plate. The voltage created 
a polymeric jet from the tip of the droplet towards the collector 
and was sufficiently high to induce break-up of the jet into 
individual particles. Transmission electron microscopy (TEM), 
scanning electron microscopy (SEM), and fluorescence micro
scopy studies demonstrate that particles evenly formed over a 
large area (Figure S4, Supporting Information).

2.2. Stability of the Compartments

PLGA hybrid microgels showed high particle loading, regard-
less of the type of plasmonic particles used in the synthesis, as 
observed in TEM images (Figure 1A–F). However, TEM images 
alone could not resolve the different compartments within the 
particles. Therefore, the inner distribution and the preservation 

of the different compartments after synthesis were character-
ized by means of fluorescence imaging (from blue and green 
dyes) and SERS imaging (from two different SERS-encoded 
AuNSs).

Once synthesized, polymeric particles were embedded in 
a ProLongTM gold matrix between two coverslips and initially 
examined by confocal fluorescence microscopy (Figure 2A). 
For SERS measurements, the particles were immobilized on a 
quartz glass slide to avoid the fluorescence background from 
standard glass and then examined under a WITec Alpha 300RS 
confocal Raman microscope, using a 785 nm diode laser as the 
excitation source. As a reference, we used the Raman bands 
at 1275 cm−1 for 4-BPT (CC ring stretch) and 1375 cm−1 for 
2-NAT (CC ring stretch), so that the characteristic bands 
of both Raman reporters could be clearly distinguished 
(Figure 3B). In Figure 2B,C, both fluorescence and SERS 
images indicate the stability and preservation of the two initial 
compartments. Interestingly, no interference from the fluores-
cent dyes was observed, and as a result the shape of the com-
partments was clearly resolved by both techniques. The SERS 
images also allowed for differentiation of the compartments, 
but in contrast to fluorescence imaging, the SERS signal was 
not found to be evenly distributed throughout the entire par-
ticle. This is due to the distribution of AuNSs, which, in contrast 
to the dyes, may associate into clusters within the PLGA com-
partments, resulting in a distinct pattern with islands of higher 
intensity in the SERS maps. Figure 2C also shows a dominant 
signal from 4-BPT in this form of representation and reveals 
lack of information regarding the inner particle distribution. 
For this reason, 3D SERS imaging was conducted, focusing on 
obtaining spatial information in x, y, and z directions.

Adv. Funct. Mater. 2017, 27, 1701626

Figure 1.  Fabrication of multicompartmental hybrid particles using electrohydrodynamic co-jetting. The size of the particles can be controlled by 
using different polymer molecular weights and varying polymer concentrations. TEM images in A–F are representative for particles of different sizes 
and compositions. PLGA molecular weight was varied from A,B) 17 kDA through C,D) 40 kDA up to E,F) 50–75 kDA. These examples show various 
configurations with two (A, C–F) or three (B) compartments, containing AuNSs (A–F) and iron oxide nanoparticles (B). The particles also contain 
poly[(m-phenylenevinylene)-alt-(2,5-dihexyloxy-p-phenylenevinylene) as a blue dye and poly[tris(2,5-bis(hexyloxy)-1,4-phenylenevinylene)-alt-(1,3-phe-
nylenevinylene)] as a green dye, in separate compartments. All scale bars are 500 nm.
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The 3D distribution of SERS-encoded AuNSs inside the 
microgel particles was examined with high-resolution confocal 
Raman microscopy. We selected a 100× 0.9 NA objective with a 
50 µm pinhole that best met our requirements.[31] One particle was 
scanned over a volume of 14 × 14 × 20 µm3 (40 × 40 × 35 points 
per line), with an integration time of 40 s per line (785 nm 
laser, 7 mW). The observed signal-to-noise-ratios were in gen-
eral very high and the SERS spectra for both Raman tags were 
well resolved under these scanning conditions (Figure 3B). 
A series of slices (in z-direction) were imaged, in which both 
SERS tags (2-NAT, 4-BPT) could be resolved, indicating spatial 
separation within different compartments. Even though some 
degree of overlap (yellow–orange color) was observed, the com-
partments were found to be well separated from each other in 
most cases. Additional 3D reconstructions (Figure 3C,D) confirm 
these results and suggest that the compartments are not perfect 
hemispheres but rather have a “tennis ball” like structure, where 

both compartments are wrapped around each other. In conclu-
sion, we show that SERS labeled AuNSs are present throughout 
the microgel and their distribution can be resolved by confocal 
Raman microscopy. This 3D reconstruction especially helps to 
achieve information about nanoparticle distribution, which is not 
possible by conventional SERS measurements.

2.3. Labeled Fibers and Rods

One of the challenges related to monitoring the evolution and 
degradation of scaffolds during tissue growth is related to a 
low penetration depth when using fluorescence microscopy 
(usually with illumination and fluorescence in the visible). 
Since PLGA electrospun nanofibers have been reported as scaf-
folds for cell or tissue growth,[36] we explored the possibility to 
synthesize PLGA fibers containing AuNSs, while preserving 
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Figure 3.  3D confocal Raman imaging of a single microgel particle. A) Z-stack showing the existence of separated compartments and the distribution 
of SERS labeled AuNSs within the particle. B) Representative SERS spectra of BPT (red) and 2-NAT (green) labeled AuNSs measured inside PLGA par-
ticles. The peaks marked with * indicate the specific signals used for mapping. C,D) 3D reconstruction of the particle from two different perspectives.

Figure 2.  A) Bicompartmental PLGA (40 kDa) particles containing ≈50 nm AuNSs labeled with 4-BPT and a green dye in one compartment, and AuNSs 
labeled with 2-NAT and a blue dye in the other compartment. B) Fluorescence image of ≈4 µm particles showing that both dyes and compartments 
are well separated and distinguishable. C) SERS mapping of a ≈7 µm particle, also displaying two separate compartments. The signals from 4-BPT 
(red) and 2-NAT (green) are spatially separated.
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their bicompartmental structure (Figure 4). We thus pre-
pared fibers with a diameter of 10 µm, i.e., twice as large as 
the particles above, which would likely facilitate the resolution 
of the different compartments. SERS imaging indeed showed 
a distinct separation between the compartments filled with 
4-BPT-coated AuNSs and 2-NAT-coated AuNSs (Figure 4B). The 
3D reconstruction of the SERS data in Figure 4B confirms yet 
again that SERS is a useful tool to resolve the structure of our 
hybrid polymeric structures and the internal structure of the 
different compartments.

To further demonstrate the universal character of our syn-
thesis protocol, the obtained fibers were cut into pieces, to 
obtain cylinders with different lengths (Figure S5, Supporting 
Information). Upon embedding the fibers in a Tissue-Plus 
matrix and using a cryosectioning instrument (see Experi-
mental Section), it was possible to fabricate cylinders while 
keeping the two compartments stable.[18] Cylinders are of 
interest since the shape of particles plays an important role in 
the modulation of cell uptake, as reported elsewhere.[37]

2.4. Fluorescence versus SERS: Long-Term Experiments

Long-term stability is a key advantage of SERS, as compared to 
fluorescence, and can be exploited in labeled scaffolds or micro-
gels as imaging tools in nanomedicine. During long-term exper-
iments, the particles are exposed to a number of factors that 
lead to degradation and bleaching of organic molecules. The 
environments used for both in vitro and in vivo experiments 
are chemically aggressive, containing redox active molecules, 
enzymes, highly reactive radicals and pH changes.[38–40] Addi-
tionally, exposure to light during microscopy observation often 
leads to photobleaching of organic dyes.[41]

We analyzed the effect of photobleaching on our hybrid 
materials by measuring fluorescence and SERS signals from 
a large number of particles (>100) before (Figure 5A) and 
after (Figure 5B) UV-irradiation for 30 min. Prior to irradia-
tion, the samples displayed fluorescence and SERS signals 
throughout the whole field of view. In contrast, after irradiation, 

the fluorescence signal completely vanished, while the SERS 
signals remained basically unaltered. This experiment clearly 
illustrates the degradation of the dye over time upon exposure 
to light, whereas the SERS tags remain stable and active, in 
a demonstration that SERS is an attractive tool for long-term 
(bio)imaging experiments.

3. Conclusions

We have introduced a universal method for the synthesis of 
PLGA microgels of different sizes and shapes, loaded with dyes 
and metal nanoparticles with distinct electromagnetic proper-
ties. These particles offer a wide range of potential applications, 
in particular for biomedical imaging. Even though we focused 
here on PLGA (FDA approved polymer), the EHD co-jetting 
method facilitates the use of various other polymers (and their 
blends), including a wide range of synthetic polymers (PMMA, 
PAA, PEI, Dextran) and more recently crosslinked biopolymers 
such as proteins. We demonstrated that SERS encoded AuNSs, 
embedded within polymer microgels, can be used to resolve 
and reconstruct the shape of both particles and fibers. Impor-
tantly, co-loaded dyes do not interfere with the SERS signal or 
create a background, which is likely due to the high and reli-
able SERS signal originating from AuNSs densely covered with 
Raman tags. Finally, an important outcome of this study is the 
demonstration that the SERS signals from embedded AuNS, 
in contrast to that from fluorescent dyes, are not altered upon 
exposure to UV illumination, therefore offering the possibility 
for long-term imaging experiments. Since PLGA is a biocom-
patible and biodegradable polymer, potential applications of 
these hybrid materials can be foreseen, for example in com-
bined drug delivery/imaging devices. In particular, microfibers 
functionalized with AuNSs may allow us to obtain new insights 
in the role of implanted scaffolds in regenerative medicine.

4. Experimental Section
Materials: Milli-Q water (resistivity 18.2 MΩ cm) was used in all 

experiments. Hydrogen tetrachloroaurate trihydrate (HAuCl4·3H2O, 
≥99.9%), sodium citrate tribasic dihydrate (≥98%), silver nitrate (AgNO3, 
≥99%), l-ascorbic acid (AA, ≥99%), O-[2-(3-mercaptopropionylamino) 
ethyl]-O′methylpolyethylene glycol (PEG-SH, MW = 5 000 g mol−1), 
2-naphthalenethiol (2-NaT, 99%), biphenyl-4-thiol (4-BPT, 97%), 
chloroform (≥99.8%), and 50–75 kDa PLGA, were purchased from 
Sigma-Aldrich. 17 kDa PLGA (#5002a) and 40 kDa PLGA (#5004a) 
were purchased from Corbion. 5050 DLG 1A polymer (#LX00560-130) 
was purchased from Lakeshore Biomaterials. ProLongTM gold matrix 
was purchased from Thermofisher Scientific. Quartz microscope slides 
were from Electron microscopy (#72250–01). 5 nm AuNPs and 40 nm 
iron oxide nanoparticles were purchased from Ocean Nanotech LLC. 
All glassware was washed with aqua regia, rinsed threefold with Milli-Q 
water and dried, prior to use.

For EHD co-jetting, a syringe pump (Fisher Scientific Inc., USA) and a 
power supply (DC voltage source, Gamma High Voltage Research, USA) 
were used.

Synthesis of Gold Nanostars: AuNSs were prepared using a seed-
mediated growth method.[42] Adding 5 mL of 34 × 10−3 m citrate solution to 
95 mL of boiling 0.5 × 10−3 m HAuCl4 solution under vigorous stirring and 
then maintaining boiling for 15 min, seed particles were formed. 50 nm 
AuNSs with an LSPR maximum at 750 nm, were prepared by adding 2.5 mL 

Adv. Funct. Mater. 2017, 27, 1701626

Figure 4.  Examples of PLGA-based bicompartmental fibers containing 
SERS-encoded AuNSs, prepared by electrohydrodynamic co-jetting and 
analyzed by A) fluorescence imaging and B) SERS mapping.
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of the citrate-stabilized seed solution to 50 mL of 0.25 × 10−3 m HAuCl4 
solution (containing 50 µL of 1 m HCl), in a 100 mL glass erlenmeyer 
at room temperature, under moderate stirring. Quickly, 500 µL of  
3 × 10−3 m AgNO3 and 250 µL of 100 × 10−3 m ascorbic acid were added 
simultaneously. The resulting AuNSs solution was mixed with 410 µL of 
PEG-SH 0.1 × 10−3 m, stirred for 15 min and washed by centrifugation at 
1190 g, 25 min, 10 °C, and subsequently redispersed in water.

Synthesis of Silver Nanoparticles: A modification of a previously 
reported approach was used to prepare 30 nm Ag NPs.[43] 250 mL of 
Mili-Q water was heated under magnetic stirring, then 4 mL of trisodium 
citrate (0.1 m) and 0.32 mL of ascorbic acid (0.1 m) were added to the 
boiling water. Subsequently, 0.93 mL of AgNO3 (0.1 m) was added and 
boiling was maintained for 1 h under stirring. The solution was cooled 
down and stored in the fridge.

Phase Transfer of Plasmonic Nanoparticles: All plasmonic particles 
were prestabilized with PEG (O-[2-(3-mercaptopropionylamino) ethyl]-
O′methylpolyethylene glycol),[6,30] and subsequently transferred from water 
into CHCl3 by vigorously stirring the colloids with a chloroform solution 
of the hydrophobic Raman active molecules. Both phases were mixed 
overnight, so that the particles would slowly diffuse from the aqueous into 
the organic phase. Afterwards, the aqueous phase was discarded and the 
organic phase centrifuged several times to remove excess of free ligand.

Bicompartmental PLGA Particles: Bicompartmental PLGA particles 
were synthesized using 50–75 kDA PLGA (#430471 Aldrich) and a 
solvent ratio of 97:3 for CHCl3 and DMF. Briefly, in compartment (I) 
0.0405 g of PLGA was mixed with 235 µL of green dye (1 mg mL−1 
in CHCl3) and 485 µL of SERS-Tag (4-BPT) AuNSs [Au° = 3 × 10−3 m] 
in CHCl3 and 15 µL DMF. Compartment (II) was prepared by mixing 
0.0405 g of PLGA with 235 µL of blue dye (1 mg mL−1 in CHCl3) and 

485 µL of SERS-Tag (2-NAT) AuNSs [Au° = 3 × 10−3 m] in CHCl3 and  
15 µL DMF.

Bicompartmental Fibers: Using a 50–75 kDA PLGA (#430471 Aldrich) 
and a solvent ratio of 97:3 for CHCl3 and DMF, 10 µm fibers where 
obtained. In compartment (I) 0.15 g of PLGA was mixed with 54.55 µL of 
green dye (1 mg mL−1 diluted in CHCl3) and 350 µL of SERS-Tag (4-BPT) 
AuNSs [Au° = 3 × 10−3 m] in CHCl3 and 15 µL DMF. Compartment 
(II) was prepared by mixing 0.15 g of PLGA with 54.55 µL of blue dye  
(1 mg mL−1 in CHCl3) and 350 µL of SERS-Tag (2-NAT) AuNSs 
[Au° = 3 × 10−3 m] in CHCl3 and 15 µL DMF.

Bicompartmental Cylinders: Bicompartmental fibers were deposited in 
an aligned orientation on a tissue cryomold, and then embedded in a 
Tissue-Plus matrix. They were stored at −4 °C for 24 h, after being cut 
using a Leica 3050S cryostat cryosectioning instrument. The obtained 
slides were collected in falcon tubes and washed several times by 
centrifugation and redispersion in water. Cylinders of 2, 5, and 10 µm 
were obtained, as defined by the cutting plane size.

SERS Measurements: SERS measurements (except bleaching 
experiment) were carried out using a WITec Alpha 300RS micrcoscope 
with a 100× 0.9 NA objective, a 600 g mm−1 diffraction grating and a  
785 nm Laser source with a power of about 7 mW.

3D Reconstruction: For each z-height, a single point map was created 
by plotting the intensity of a selected band for each SERS tag (1275 cm−1 
for 4BPT and 1375 cm−1 for 2-NAT), as a function of the position. The 
resulting maps were merged using ImageJ and 3D reconstructions were 
created using the ImageJ plugin 3D Viewer.

Bleaching Experiment: The microgel suspension was dropcast on a 
quartz glass slide and SERS maps were measured using a Renishaw inVia 
Raman microscope, equipped with a 1024 × 512 CCD detector, using a  

Adv. Funct. Mater. 2017, 27, 1701626

Figure 5.  A large number (>100) of bicompartmental particles were immobilized on a glass substrate and both SERS and fluorescence signals were 
measured A) before and B) after exposure to UV-light. Images 1–3 demonstrate that the SERS signals from both 4-BPT and 2-NAT SERS tags show 
no difference over time and remain active upon irradiation. The fluorescence signals of both blue and green dyes (4–6) however, vanish after UV light 
exposure, due to photobleaching of the dye molecules.
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785 nm excitation source and a 1200 g mm−1 diffraction grating. 
Measurements were carried out using a 100× 0.85 NA objective in 
Streamline mode, with 2.1 mW laser power and an exposure time of 3.58 s.  
The slide was transferred to a Zeiss Cell Observer microscope, where 
fluorescence images under 20× magnification were obtained and then the 
LED diodes were used to illuminate the sample. In general, the samples were 
illuminated for 30 min with the 470 and 530 nm lasers, with powers of 11.6 
and 2.3 mW, respectively. Fluorescence images and SERS measurements 
were repeated and processed under the exact same conditions.
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