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A B S T R A C T   

Microcarriers (MCs, typically 50–200 µm) are promising growth supports for high-throughput cell expansion, 
with capability to overcome the limitations of surface area availability and nutrient access encountered by cell 
culture in 2D well plate configurations. Equipping MCs with in-built capability to sense molecular biomarkers is a 
key step forward to meet the emerging demands of personalized cell-based therapies. However, integrating 
sensing functionality into MCs is non-trivial due to fabrication limitations imposed by their large size, curved 
surfaces, and their suspension in fluid. If achieved, the sensor-integrated MCs should face further concerns of 
reduced stability and cytocompatibility during cell-culture. Here we demonstrate plasmonic microcarriers 
(PMCs) that integrate spectroscopic sensing and cell expansion functions through the deposition of gold nano
particle (AuNP) assemblies on dextran-based MCs. Hydrogel characteristics of the dextran microcarriers was 
found to profoundly enhance the binding density and kinetics of AuNPs, as seen by attainment of saturated 
densities in few seconds, and at nanoparticle concentrations only twice that of the surface sites. The approaches 
to prepare PMCs are distinguished by simple, scalable routes, without need for sophisticated lab infrastructure. 
The capability of PMCs to act as spectroscopic transducers was demonstrated by surface-enhanced spectroscopic 
(SERS) detection of a model molecular probe.  The growth, proliferation and migration of human mesenchymal 
stem cells on the PMCs was found to be comparable to that of the uncoated MCs. The results pave the way to 
smart, multifunctional cell growth supports to interrogate, control and report cell behavior during culture.   

1. Introduction 

Sensors that enable detection of molecular biomarkers are of high 
interest for diagnosis and therapy including companion diagnostics [1], 
single-cell devices [2], in vitro models and implant devices [3]. Nano
scale sensors are promising as they deliver high sensitivity and quick 
response times within miniaturized footprints. Such sensors can also 
help to monitor cell viability and behavior during culture, thus enabling 
the optimization of parameters and enables quality assurance during cell 
culture [4–6].Cell culture markets focus on harvesting stem cells for 
cell-based therapies to cater to numerous health ailments. Cell expan
sion has traditionally been performed using cell-culture on 2D sub
strates, while recent advances have emphasized microcarriers as a 
promising alternative, as they are better adapted to large-scale pro
duction of stem cells, such as mesenchymal stem cells [7–9]. 

Microcarriers (MCs) have dimensions in the order of 50–200 µm and 
enable cell expansion of anchorage-dependent cells, with advantages of 
better nutrient availability, enhanced surface areas, and automated and 
high-throughput harvesting of cells within the controlled environment 
of bioreactors. MCs made of organic as well as inorganic materials, 
presenting different surface chemistries are commercially available. 

Newer MCs with engineered surface and bulk properties are however 
sought to meet the emerging demands of stem cell expansion, and their 
induction to different lineages towards cell-based regenerative thera
pies. Efforts to engineer MCs have been aimed at controlling topographic 
or chemical cues to influence cell-growth and differentiation, preserving 
stemness of stem cells, promoting stem cell differentiation into the 
desired cell-type and enabling an easy release of attached cells to enable 
reuse of MCs. Beyond these cell-instructive goals, a significant 
advancement would be to introduce sensing functions that can help 
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monitor cell-health during cell-culture and to report biomarkers of in
terest. Biomarkers to transduce signaling molecules involved in cell-cell 
interactions, cell differentiation, and proliferation, and secretory pro
teins have been of high significance for applications in cell-based ther
apies, immunology, vaccine, in vitro models and biomanufacturing 
[10–14]. However, integrating sensing functions on a microcarrier in
troduces multiple concerns, including (a) changes to bio-interface 
properties that may adversely impact cytocompatibility, (b) loss of the 
stability and sensitivity of the sensor within cell-culture media and (c) 
limited routes to fabricate on a large 3D object that is suspended in a 
medium, as compared to fabrication on a planar substrate. 

Currently, no earlier work in the literature have shown microcarriers 
capable of supporting cell culture as well as molecular sensing functions. 
On the other hand, a large body of literature exists on much smaller 
microbeads that are optically encoded, or tagged with receptors for 
biomarkers, for targeted use within bead-based assays in biomedical 
diagnostics applications [15–17]. These microbeads are few microns 
wide, and thus are 2 orders of magnitude smaller than the typical 
microcarriers used for cell culture. Extrapolating the processes designed 
for small micron sized beads to large, sub-millimeter scale microcarriers 
is not straight-forward due to the need to factor in the significant in
crease in surface areas (by 3–6 orders of magnitude per sphere) that 
reduces the ability to integrate sensing layers and could also reduce 
sensing performance (due to reduced analyte capture by the beads). 

Here, we demonstrate microcarriers with integrated plasmonic 
sensing capabilities, by attaching high density of gold nanoparticles 
(AuNPs) onto the surface of dextran-based hydrogel microcarriers. Gold, 
especially, is well suited as the material of choice, given its biocom
patibility, stability in cell-culture media, and the unique optical prop
erties that can be exploited to transduce biochemical events using 
plasmonic detection schemes. Exploiting the optical properties of AuNPs 
to transduce biochemical information using plasmon-enhanced spec
troscopies (PES) such as surface-enhanced Raman or metal-enhanced 
fluorescence are of high interest, given their ability to pick up analy
te’s spectral signatures with high sensitivity within few seconds. How
ever, achieving high signal enhancements in PES requires closely 
separated nanoparticles to maximize enhancement of electromagnetic 
fields [18–20]. Microcarriers covered with uniform, high density as
semblies of nanoparticles have not been demonstrated before. 

Different routes to fabricate gold nanoparticle assemblies has been 
reported in literature, including electrostatic self-assembly (ESA), [19, 
21,22] self-assembled monolayers with thiol end groups [23], hydro
phobic interactions [24], galvanic displacement [25], solution-phase 
deposition processes [26], and surface-dewetting [27]. Amongst these, 
ESA stands out due to the ease of attaining uniform, conformal coverage 
of stable nanoparticle monolayers on different material surfaces [19,21, 
22]. However, the surface coverage by ESA is theoretically limited to 
54.7% based on the random sequential adsorption models (RSA) [28]. 
The empirically attained surface coverages reported in the literature are 
still lower, typically amounting to fifth of these limits (~10–15%) 
[29–31]. The low surface coverages typically result from lack of optimal 
conditions for ESA including nanoparticle concentrations, inadequate 
exposure durations and the choice of underlying surface functionaliza
tion. The surface coverage can be increased by other means, including 
attachment to topographically patterned surfaces [32–34], encapsula
tion within 3D matrices [35,36], and preparing colloidal multilayers 
[37,38]. Extending ESA to a large object as the MCs pose concerns of 
ensuring uniformity and high-density of coverage, within practical time 
frames. In this direction, we demonstrate how the hydrogel character
istics of the dextran-based MCs can enable quick, conformal attachment 
of AuNPs at high densities. The optical/spectroscopic characteristics of 
the PMCs were found to be well suited for molecular detection by 
surface-enhanced Raman spectroscopy. Detailed understanding of the 
internal/external structure of the PMCs helps realizing geometric 
models that can be used to understand formation of AuNP assembly on 
MCs, optical/spectroscopic response of the PMCs, and the cell-PMC 

interactions. The performance of the plasmonic MCs to support growth 
and migration of human mesenchymal stem cells is demonstrated 
through different cell biology tests. The results pave the way to novel 
microcarriers that can simultaneously support cell expansion as well as 
sensing of molecular biomarkers. The approaches carry broader appli
cability to the design and engineering of range of other 3D nano-bio 
interfaces. 

2. Experimental 

2.1. Materials 

Trisodium citrate (Na3C6H5O7), hydrogen tetrachloroaurate(III) tri
hydrate (HAuCl4⋅3H2O) (≥ 99.9%), cytodex-1, 1-naphthalenethiol (NT), 
n-hexane as an anhydrous solvent with 99% purity were purchased from 
Sigma-Aldrich. AFM tips were purchased from NanoAndMore. MilliQ 
water (18.2 MΩcm, Millipore) was used for the preparation of the so
lutions and all rinses. Alpha-minimum essential medium (α-MEM me
dium) was purchased from Lonza Biosciences (BE12–169F). 5% of 
Human Platelet Lysate (HPL) was purchased from Cook Regentec (PL- 
NH-500). Glutamine (Sigma G7513), and antibiotic antimycotic solu
tion  (A5955) were purchased from Sigma-Aldrich. 

2.2. AuNP coating of microcarriers 

Citrate stabilized gold nanoparticle suspension (pH 6) was synthe
sized following the Turkevich method, by reducing gold chloride tri
hydrate solution (1 mM) by sodium citrate dihydrate (38.8 M) under 
boiling conditions to obtain nanoparticle of the desired diameter 
[39–41]. A fixed quantity of Cytodex-1 (MCs) was dispersed and incu
bated in aqueous solutions containing different concentrations of AuNPs 
for durations of 3 h (Table S1). The microcarriers were subsequently 
washed with water by pelleting and re-suspending in milli-Q water, to 
remove unbound or loosely bound Au nanoparticles by centrifuging at 
1300 g for 2 min. 

2.3. Dynamic light scattering (DLS) 

DLS was used to determine the hydrodynamic size and zeta potential 
of the AuNP suspension using Zetasizer Nano ZS (Malvern Panalytical). 
Disposable folded capillary zeta cell (Malvern Panalytical) was used for 
the measurement of both parameters. 

2.4. Ultramicrotomy 

Au nanoparticle covered microcarriers were sliced into segments of a 
predefined depth using ultra-microtomy, to check for AuNP distribution 
inside the microcarriers. The water floating technique commonly usu
ally used to recover the microtomed slices did not work as the slice of 
DEAE-Dextran completely disintegrated in the water. Liquid propane or 
dried recovery was mandatory. 

2.5. Optical microscopy 

Images of the microcarriers were acquired using Olympus Micro
scope BX51 under 10x and 50x magnification, using an Olympus Stream 
image analysis software. The sample for observation was prepared by 
sandwiching a few drops of microcarrier suspension between two glass 
wafers. The results were acquired and analyzed using Ocean View and 
OriginLab software, respectively. Optical spectra in the visible wave
length range of the AuNPs and AuNP@MCs were obtained using TECAN 
Infinite M1000 PRO plate reader. 

2.6. Scanning electron microscopy (SEM) 

SEM micrographs of the microcarriers were obtained using Helios 
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NanoLab™ 650 microscope operating at an accelerating voltage of 1 – 3 
kV (for MCs and AuNP@MCs) or 20 kV (AuNPs) and a working distance 
between 4 – 6 mm. The sample was prepared by drying 2 µL of MCs 
directly on a clean conductive substrate at room temperature. 

2.7. Atomic force microscopy (AFM) 

Topography measurements of the MCs before and after adsorption of 
AuNPs were performed using AFM under dry conditions, using Innova 
system (Bruker, USA). Measurements were performed in tapping mode 
using a silicon AFM probe OPUS 160AC NA (Mikromasch, Bulgaria) with 
a force constant of 26 N.m − 1 and a resonance frequency of 300 kHz. 

2.8. Raman spectroscopy 

Plasmonic MCs (AuNP@MCs) were functionalized with 1-napthalene 
thiol (NT) (used as a molecular probe) in ethanol overnight. After in
cubation, the AuNP@MCs were washed 5 times with absolute ethanol to 
remove excess and any loosely bound NT. Raman spectra were recorded 
in the [100–4000] cm− 1 range using Renishaw inVia™ Raman micro
scope equipped with a high-powered near-IR laser diode working at 785 
nm and a visible laser diode working at 633 nm. Before spectra acqui
sition, an optical microscope (Olympus; objective, x50L) was used to 
focus the laser beam. The laser power of 0.9 mW was used for excitation. 
For each spectrum, 6 accumulations of 5 s were recorded. To ensure 
representative characterization of surfaces, multiple measurements 
were recorded on different areas of a chosen microcarrier as well as from 
different microcarriers. Results were analyzed using WiRE™ and Ori
ginLab software. Spectra acquired were smoothed, normalized. Wet 
measurements were acquired after adding a droplet of water onto the 
dry MCs on glass slide. 

2.9. MSC isolation and culture under static conditions 

Umbilical cord stem cells were extracted from fresh umbilical cords 
of babies just born (CHU Nancy). Umbilical cords were treated during 
24 h following birth. The method of extraction was non-enzymatic using 
cells spontaneous migration on the 175 cm2 plastic culture flask. The cell 
culture medium was alpha-minimum essential medium (α-MEM me
dium) supplemented with 5% of Human Platelet Lysate (HPL), 4 mM 
glutamine, and 1% antibiotics (Antibiotic antimycotic solution). The 
medium was changed twice a week. After ten days, the remaining 
adherent cells were trypsinized and seeded in new 175 cm2 T-flasks at a 
density of 3 000 cells cm− 2. After one supplementary passage, WJ-MSC 
was pooled and cryopreserved at a concentration of 2 x 106 cells mL− 1, 
in human platelet lysate and 10% of dimethyl sulfoxide (DMSO) for cell 
banking and kept in liquid nitrogen. Thereafter, cells were thawed and 
seeded at a concentration of 3000 cells cm− 2 in T-175 cm2 and cultivated 
for a week before their use in dynamic conditions. 

2.10. Biocompatibility and cell migration tests 

Different biocompatibility tests were performed to compare MCs and 
AuNP@MCs, viz., cell growth assays, autoclaving assays (effect of 
autoclaving) and bead-to-bead migration assays (to test migration of 
cells cultured on MCs to freshly added AuNP@MCs). 590 µl of MCs or 
AuNP@MCs suspensions (20 g/l) and 5 ml of cell culture medium was 
added into the 6 well-plates low bindings (Costar 6 well-plate ultra-low 
attachment Corning 3471). MCs were kept in that container for 1 h at 37 
◦C and 5% CO2. Cells were detached at passage 5 and harvested from 
their container flasks by trypsinization (TrypLE Gibco 12,604,013). 
They were added into the 6-well plates already containing the micro
carriers at a concentration of 80,000 cells/ml. The cell density was thus 
about 7500 cells/cm2. Cells and microcarriers were incubated in the cell 
culture medium to allow adhesion of the cells on the microcarriers. After 
1 h, cells anchored on microcarriers were put in agitation at 70 rpm (37 

◦C; 5% CO2). A sample of the cell culture medium was withdrawn on a 
daily basis to measure glucose and glutamine consumption, as well as 
lactate, ammonium production, and lactate dehydrogenase release. Cell 
viability was assessed by fluorescence microscopy. Cells were mixed 
with DAPI, Calcein AM and Ethidium Homodimer-1 (EthD-1) molecules 
to stain cells, live cells, and dead cells, respectively. On day 4, 50% of the 
cell culture medium was renewed. For the migration assay (co-culture), 
AuNP@MCs were added to the culture plate with MCs on day 4. After 1 h 
of incubation, the agitation could be restarted (70 RPM). 

3. Results and discussion 

3.1. Fabrication of plasmonic microcarriers 

Plasmonic microcarriers were prepared by electrostatic attachment 
of AuNPs onto MCs containing diethylaminoethyl (DEAE) groups 
(DEAE-dextran) (Fig. 1). The DEAE-dextran MCs were shown in earlier 
literature to carry promising attributes for use as support for culture of 
adherent cells and commercially available under the name of Cytodex®. 
Due to the basicity of the constituent secondary amino groups of DEAE, 
these MCs exhibit positive charge at neutral and acidic pH. The positive 
charge allows the MC to attract negatively charged citrate stabilized 
gold nanoparticles with a diameter of 11.6 ± 0.79 nm, exhibiting a zeta 
potential of − 34 mV at pH 6 (Fig. 1). The MCs were exposed to AuNP 
suspensions of systematically increasing concentrations, to identify 
conditions for saturated the surface coverage of AuNPs (Table S1). The 
SEM shows a saturated coverage of AuNPs to be attained at a suspension 
concentration of nanoparticles approximately twice that of available 
surface sites. MCs exposed to AuNPs at lower concentrations showed a 
patchy, yet homogeneous coverage (Fig. S1, Fig. S2). By virtue of being a 
cross-linked hydrogel, the MC experiences heavy swelling in an aqueous 
medium. However, the degree of swelling was found to reduce from 
260% to 141%, upon saturated coverage of gold nanoparticles (Fig. 2). 

The degree of swelling was calculated as in Eq. (1), where  Daq and 
Ddry indicate the diameters of the microcarriers (MC or AuNP@MC) in 
aqueous or dry states, respectively. The size of the AuNP@MC (dry) was 
taken to be the same as MC (dry) based on the thickness of AuNP layer 
around the MCs (images of microtomy slices, Fig. 3b), and based on the 
SEM images for the dry AuNP@MC (Fig. 3a). 

% swelling =
Daq − Ddry

Ddry
× 100 (1) 

The reduced swelling of the AuNP@MCs may be attributed to the 
AuNP binding to multiple polymeric chains, resulting in the crosslinking 
the surface of the MCs. The MCs were analyzed further to check for the 
presence of AuNPs in the bulk. To perform this, AuNP@MCs were pel
leted from suspension, then air-dried and sectioned by ultramicrotomy, 
and analyzed by SEM and NanoSIMS. Drying resulted in the partial 
fusion of the microcarrier interfaces, as observed in Fig. 3a. The inves
tigation of the sections reveals the presence of nanoparticles to be 
restricted to the surface of the microcarriers and absent within the MC. 
Further NanoSIMS, measuring the elemental distribution of Au on the 
microtome slice confirm the observation from SEM (Fig. 3). Comparison 
of AFM images of uncoated MCs and MCs coated with saturated 
coverage of AuNPs reveal an increase in rms roughness from 23 nm to 
39 nm (Fig. S3). 

Based on internal/external structural analysis by optical microscopy, 
SEM, AFM and NanoSIMS, the AuNP@MC can be represented by a 
simple geometric model, with AuNP evenly distributed in the exterior of 
the swollen MC (Fig. 4). The attachment of AuNPs to the MC is treated 
under random sequential adsorption models (RSA) with expected 
maximum coverage (or jamming limit) at 54.7%. The number of parti
cles necessary for saturated surface coverage is derived from the surface 
area of the microcarriers in the AuNP suspension (SMC) and the 2D 
footprint of the gold nanoparticles (SNP) as in Eq. (2). The values for SMC 
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and SNP were derived from the mean values of size distribution curves 
for radii of MC (R) and AuNP (r), determined from optical microscopy 
and SEM respectively (Fig. 2). This yields the estimate of 4.5×108 AuNPs 
per MC ([AuNP]ideal) as expectation for the AuNP surface concentrations 
at saturated surface coverage. 

[AuNP]ideal =
54.7%∗SMC

SNP
=

54.7%∗4πR2

πr2 = 2.2
(

R
r

)2

(2)  

3.2. AuNP binding efficiency and optical response of plasmonic 
microcarriers 

The formation of AuNP@MCs was investigated by their optical 
response when systematically increasing the AuNP solution concentra
tions per MC ([AuNP]solution) by upto 5 times the equivalent AuNP surface 

concentrations at saturated coverages ([AuNP]ideal, Eq. (2)). The number 
of AuNPs in solution available per microcarrier ([AuNP]solution) is calcu
lated by dividing the total number of AuNPs in solution by the total 
number of microcarriers present in the same volume (Table S1). The 
total number of AuNPs in the suspension can be estimated from the ratio 
of the total mass of gold in solution divided by the mass of a AuNP. The 
mass of gold in solution is known from the molar concentrations of gold 
salt used during synthesis, all of which is assumed to be reduced to gold. 
The mass per AuNP is obtained by approximating the AuNP as a sphere 
with the diameter corresponding to the peak size distribution plots 
(Fig. 3), thus deriving volume and mass per particle (assuming the 
density of gold to be the same as bulk gold i.e. 19.32 g/cm3). The 
number of MCs per unit volume was obtained from the manufacturer’s 
specification of the number of MCs per gram of dry weight, which 
amounts to 6.8×106 MCs/g for Cytodex-1 [42]. Consequently, the 

Fig. 1. (a) Schematic illustration of the formation of PMCs by electrostatic self-assembly of negatively charged AuNPs onto positively charged DEAE-Dextran MCs (b) 
Illustration of the citrate stabilization on the gold nanoparticles and the molecular structure of DEAE-Dextran that provides the basis for the respective negative and 
positive charges. 

Fig. 2. Comparison of the dimensions of 
uncoated and coated MCs and the AuNPs 
used for coating. Size distributions of (a) 
gold nanoparticles (b) MCs in the dry form 
(c) AuNP@MCs in AuNP suspension, (d) 
AuNP@MCs in aqueous medium, (e) MCs in 
an aqueous medium, (b-e) shown along 
with their (a) SEM or (b-e) optical micro
graphs. *AuNP@MC (dry) (image/histo
grams not shown) is taken to have 
equivalent dimensions as the MC(dry) to 
illustrate the decrease in swelling ratios of 
AuNP@MCs  in comparison to MCs. 
Swelling ratios from MCs and AuNP@MCs 
are indicated.   
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number of microcarriers (NMCs) present in a given mass of Cytodex-1 
powder (MMCs) is estimated. 

AuNP@MCs are easily distinguished from uncoated MCs by optical 
microscopy (Fig. 5a, Video S1 in Supporting Info). The uncoated MCs are 
nearly transparent in water, while AuNP@MCs appear purple with an 
intensity that increases with nanoparticle coverage. The nanoparticle 
coverage on MCs could be followed by monitoring the absorbance 
spectra of the aqueous suspension of AuNP@MCs, which shows a sys
tematic increase in the peak wavelength and intensity of the localized 
surface plasmon resonance (LSPR) peak of AuNPs as a function of 
increasing surface coverage on the MCs (Fig. 5, Fig. 6a). The increase in 
peak intensity is also associated with a red-shift of the peak wavelength, 
in line with expectations for increased plasmonic coupling between 
adjacent particles due to increased proximity between the AuNPs at 
higher densities [43]. 

An interesting observation is that the saturation in AuNP adsorption 
(as seen from the signs of saturation in the plasmonic peak intensities 

and peak shifts, Fig. 5c) to be attained at [AuNP]solution/[AuNP]ideal 
ratios of ~ 2. This would indicate the surface of the MCs approach 
saturated coverage of AuNPs at concentration of only twice the number 
of surface sites. This is remarkable considering that these ratios in case of 
planar surfaces are typically two to three orders of magnitude higher 
[44,45]. This indicates high AuNP capture efficiency on the MC surface, 
an observation that is further supported by the visibly high speed of 
AuNP adsorption (Video S1, Supporting Information). A high efficiency 
in the AuNP binding can be related to the long and flexible DEAE 
polymeric chains of the MC. This behavior matches with our recent 
report of enhanced analyte capture by tethered receptors on planar af
finity biosensors [45]. The observations are also in conformity with 
expectations from other literature reports that have theoretically and 
experimentally investigated the role of tether flexibility [46–50]. This 
would favor the choice of MCs that carry flexible and dynamic polymeric 
chains such as DEAE-Dextran, as compared to MCs with rigid surfaces. 

3.3. Spectroscopic response of plasmonic microcarriers 

High density and uniform coverage of AuNPs on AuNP@MCs make 
them particularly interesting candidates for surface-enhanced Raman 
spectroscopic detection of molecular analytes. The Raman spectra of the 
uncoated MCs matches with an earlier report in the literature for DEAE- 
Dextran [51]. There are no discernible differences in the spectra be
tween the dry and wet MCs, as expected, as the swelling is not accom
panied by any changes to the chemical structure or composition 
(Fig. S6). An additional peak at 1580 cm− 1 that appears in the Raman 
spectra of AuNP@MCs (Fig. S6) can be attributed to asymmetric COO 
stretch of citrate ligands on the AuNPs [52]. To evaluate the sensing 
performance, the AuNP@MCs exhibiting saturated coverage of AuNPs 
(MC corresponding to C9, Fig. 5a) was functionalized with 1-naphtha
lene thiol (NT) chosen as a model target analyte. NT is well suited as a 
probe analyte given its well-defined and studied spectroscopic charac
teristics and ease of conformal coverage on the AuNPs. For these tests, 
the AuNP@MCs were incubated in an ethanolic solution of NT at a 
concentration of 100 µM for duration of 10 h. After incubation, the 
microcarriers were washed at least 5 times with absolute ethanol to 

Fig. 3. AuNP distribution on the MC sur
face. (a,b) Scanning electron microscopy 
images of (a) MC with increasing concen
tration of AuNP coverage. (b) Microtomed 
slices of MCs coated at saturated coverage 
of nanoparticles focused at the interface 
between fused microcarriers, with 
increasing magnifications from i-iv. (c) 
NanoSIMS maps of 197Au in (c, i) and (c, ii) 
correspond to the SEM images in (b, i) and 
(bottom) (b, ii) respectively. (Refer to 
Fig. S4, Fig. S5 for further microtomy and 
characterization of microtomed slices).   

Fig. 4. Geometric model of the AuNP@MC. (a) Schematic illustration of the 
cross-section of AuNPs attached to the exterior surface of the swollen MC. The 
radii of the MC and AuNP are shown as R and r respectively (b) Zoomed in 
illustration of the footprint of the nanoparticle on MC surface. Drawings are not 
to scale. 
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remove unbounded and loosely bounded NT molecules before Raman 
measurements. 

The Raman spectra of NT on AuNP@MC show clear differences in 
spectral intensities under dry versus wet (aqueous) state, and upon 
visible laser excitation at 633 nm versus 785 nm wavelengths. (Fig. 6b, 
c). The SERS intensity of the most intense peak at 1370 cm− 1 corre
sponding to ring stretching vibration of NT was used to compare the 
SERS spectra. The SERS signal intensities were found to be an order of 
magnitude higher for the dry AuNP@MCs as compared to wet mea
surements (Fig. 6b,c). The AuNP@MCs is swollen under wet conditions, 
resulting in a greater interparticle distance between the AuNPs. How
ever, the huge reduction in the MC volume during drying is expected to 
increase proximity between adjacent AuNPs, resulting in formation of 
intense electromagnetic (EM) hotspots and NT molecules trapped within 
these hotspots. Molecules present at the EM hot-spots are known to 
make disproportionately high signal contributions, [18–20,53]  which 
would explain the high signal intensities observed under dry conditions. 
As comparison, self-assembled monolayers of NT at their saturated 
densities on a planar gold surface do not show any peaks in their spectra 
under identical conditions, indicating thus, the favorable role of inter
particle EM hot-spots towards the observed spectroscopic signals in case 
of AuNP@MCs. 

Further understanding of the structure-dependent spectroscopic 
properties can be drawn from the wavelength dependence of SERS in
tensities under wet and dry conditions. The SERS intensities of NT on 
AuNP@MCs in wet conditions, was found to be relatively higher for 633 
nm excitation, as compared to 785 nm excitation (Fig. 6b). However, the 
scenario was opposite when probed under dry conditions, where the 
Raman intensities were higher at 785 nm as compared to 633 nm 
(Fig. 6c, right). The observation can be rationalized considering that a 
higher SERS intensity would result from the proximity of the excitation 
wavelength to the absorbance maxima of the AuNP@MC (Fig. 6a). 
However, upon drying, the formation of electromagnetic hotspots would 
result in strong interparticle plasmonic coupling that would lower the 
energy to excite the hotspots, favoring thus, the 785 nm excitation over 
633 nm excitation. Several evidences in literature have pointed to how 
such near field effects on hotspot surfaces would often go unnoticed in 

the (far-field) absorbance spectra[54,55]. 
The different observations based on optical and spectroscopic 

response of AuNP@MCs in the swollen and collapsed state, align well 
with expectations based on the structure of the AuNP@MCs. The 
hydrogel behavior of the AuNP@MCs contribute in multiple ways, 
including enhanced trapping of AuNPs, enhanced analyte capture at 
inter-particle hotspots, and would prospectively also contribute to 
reducing non-specific binding when the AuNP@MCs are used in future 
as biosensors in cell-culture media. 

While the prospect of using AuNP@MCs for detection/monitoring of 
biomarkers from cells is clearly attractive, further progress will be 
necessary to realize this potential- (a) surface area per microcarrier 
together with the large number of microcarriers in the medium could 
inherently limit capability for ultra-low detection limits for biomarkers 
in the culture medium. However, the presence of the sensor at the im
mediate vicinity of the biological cells can be a huge benefit to overcome 
diffusion limitations, and to detect/monitor biomarkers in the regions 
where cells are in contact with the AuNP@MCs. This will further require 
identifying measurement configurations that can effectively collect the 
spectroscopic signals of the suspended microcarrier. (b) The highest 
sensitivity in SERS measurements were achieved for dry AuNP@MCs, 
while the need for drying limits its usefulness in online measurements. 
This concern can be addressed by isolating, drying and investigating 
individual microcarriers, without impacting the large number of 
microcarriers still present in the cell-culture medium. This will also 
make it easy to subject the AuNP@MCs to end-point assays such as 
fluorescence immunosandwich assays. Alternatively, other approaches 
including metal-enhanced fluorescence as well as refractive index 
sensing based on LSPR shifts should be explored. Use of refractive index 
based sensing would provide an effective means to label-free, online 
measurements. The optical/spectroscopic characteristics of the 
AuNP@MCs can be engineered for highly sensitive LSPR or MEF based 
sensing, by adopting non-spherical metal nanostructures including 
nanorods, nanostars, or nanoshells, of gold or silver. (c) Investigations 
should also focus on choosing the most appropriate plasmonic sensing 
modality (SERS, MEF, or refractive-index sensing) in relation to the 
biomarkers of interest. 

Fig. 5. Optical response of the AuNP@MCs as function of AuNP concentration. (a) Photographs of well plates with suspensions of AuNP coated microcarriers with 
increasing [AuNP]solution from C1-C9, (b) with the corresponding absorbance spectra showing a continuous increase in the intensities and the wavelength. (c) Plot 
showing increase in LSPR peak intensity and wavelength as a function of [AuNP]solution/[AuNP]ideal which is the ratio of the AuNP solution concentrations in relation 
to the surface concentration corresponding to an ideal monolayer on a single MC. 
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3.4. Cell adherence, growth and migration assays on plasmonic 
microcarriers 

AuNP@MCs were subjected to different cell biology tests to assess 
the impact of the AuNP coating on its cytocompatibility and perfor
mance as cell-growth support. These tests compared the growth, pro
liferation, and migration of human mesenchymal stem cells (hMSCs) on 
AuNP@MCs with uncoated counterparts. A live/dead cell assay was 
performed by staining with Calcein AM and Ethidium Homodimer-1 
(EthD-1) to stain live (green) and dead (red) cells, respectively. The 
quantification of cell viability was made by fluorescence microscopy. 
Results show the cells to colonize AuNP@MCs to a large extent indi
cating their cytocompatibility. Before cell culture, MC were preserved in 
PBS and autoclaved at 120 ◦C to sterilize them [56]. Results show 
autoclaving to decrease the adhesion of the cells on the AuNP@MCs 
(Fig. 8). However, the autoclaving did not appear to affect the interac
tion between AuNPs and MC. The decrease in cell-adhesion on auto
claved AuNP@MCs could be a result of temperature-induced 
conformational changes of polymer chains in contact with the 

citrate-gold nanoparticles that could have resulted in changes to surface 
charge distribution at the interface with the cells.  In future, the auto
claving step could be susbtituted by sterilizing the AuNP@MCs using 
ethanol. Alternatively, the AuNPs can be functionalized with 
cell-adhesive moieties such as RGD peptide sequences. 

In the next step, the cell growth kinetics was monitored in flasks by 
measuring the time evolution of the concentration in glucose and lactate 
on a daily basis (Fig. 7). Glucose is the primary source for mammalian 
cells to generate energy (ATP) by oxidative phosphorylation or by 
anaerobic glycolysis and lactic fermentation [57]. Glucose consumption 
by the cells is accompanied by the production of other metabolites such 
as lactate and ammonia, which, at high concentrations, could inhibit cell 
growth. Monitoring glucose consumption and lactate production are 
thus important for cell growth. Results of cell growth kinetics reveal the 
glucose consumption by cells grown on AuNP@MCs to be similar to that 
on MCs (Fig. 7). The consumption rate of glucose slows down when 
glucose becomes limited, with the consequent decrease in production 
rate of lactate. Thus, there are no significant differences observed in cell 
growth kinetics between the MCs and AuNP@MCs. 

Finally, a migration assay was performed to assess if the cells 
cultured on MCs could migrate to AuNP@MCs when they are introduced 
later to the cell culture medium. Such migration would mean that the 
cells do not perceive a significant difference between MC and 
AuNP@MC. The migration assay was performed by adding AuNP@MCs 
(non-autoclaved) to a medium consisting of cells cultured on MCs for a 
duration of 4 days. The cells were stained with DAPI and quantified on a 
daily basis using fluorescence microscopy (Fig. 9). Results show that the 
cells were able to migrate to the freshly added AuNP@MC, (Fig. 9d) 
confirming again the capability of the AuNP@MCs to support cell- 
expansion functions. Such inter-MC migration of cells, also called, 
‘bead-to-bead transfer’ is used a key strategy to increase the available 
surface area during the course of cell culture [58]. This step has been 
shown to improve yield and performance of cell culture by avoiding the 
need for pre-mature harvesting of cells. The transfer between the MCs to 
AuNP@MCs serves as a strong indication of the similarity in cell re
sponses between the coated and uncoated MCs. 

Conclusions 

Plasmonic microcarriers (AuNP@MCs) capable of molecular sensing 
as well as cell-expansion were demonstrated using simple and readily 
scalable route based on electrostatic self-assembly of AuNPs onto DEAE- 

Fig. 6. SERS spectral characteristics of AuNP@MCs. (a) Comparison of the 
absorption spectra of AuNPs (aq) and AuNP@MCs (aq) with respect to the 633 
nm and 785 nm laser excitation wavelengths used for SERS. (b,c) SERS spectra 
of saturated density of NT on AuNP@MCs at 633 nm and 785 nm excitation 
wavelengths compared under (b) wet and (c) dry conditions. (c) Raman spectra 
of AuNP@MCs and MCs are shown for reference. 

Fig. 7. Comparison of growth kinetics of hMSCs on AuNP@MCs versus MCs. 
Plot shows a similarity in glucose consumption (black) and lactate production 
(red) by cells grown on AuNP@MCs (filled squares, dotted lines) and MCs 
(filled triangles, solid lines). 
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Dextran microcarriers (MCs). Detailed understanding of the internal and 
external structure of the AuNP@MC through a combination of optical 
microscopy, SEM, AFM, ultramicrotomy, and nano-SIMS permitted the 
ease of geometric modeling to deduce the structure and distribution of 
AuNP assemblies. The successful formulation of geometric models opens 
opportunities to rationally design AuNP@MCs and to understand / 
predict outcomes of the optical/spectroscopic response as well as cell- 

growth outcomes. The hydrogel characteristics of the DEAE-Dextran 
was found to profoundly enhance the density and kinetics of AuNP 
binding. The swelling and collapse of the AuNP@MCs provides unique 
possibilities to realize high density of inter-particle electromagnetic 
hotspots and analyte trapping at the hot-spots, favoring high sensitivity 
in molecular sensing. AuNP@MCs were found to retain cell expansion 
functions including growth kinetics, viability and inter-MC migration of 

Fig. 8. Comparison of the influence of autoclaving. Fluorescence microscopy images showing (a,b) reduced cell growth on AuNP@MCs when autoclaved, as 
compared to (c,d) AuNP@MCs without autoclaving. For both cases, cell culture results are shown after 1 day (a,c) and 3 days (b,d). 

Fig. 9. Bead-to-Bead migration of hMSC between MCs and AuNP@MCs. (a-d) Fluorescence microscopy images of hMSCs on (a) MCs after 1 day (b) and 7 days, (c) 
MCs after 1 day and (d) MCs & AuNP@MCs after 7 days of culture (AuNP@MCs were added after 4 days of hMSC culture on MCs). 
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human mesenchymal stem cells. 
Future work is necessary to ascertain the purity of cells to rule out 

potential long-term effects, and to demonstrate assays to detect or 
quantify proteins and other biomarkers secreted by the cells attached to 
the AuNP@MC surface. The AuNP@MCs carry the potential to be turned 
into in-vitro models where the embedded plasmonic sensing functions 
can play a unique role in monitoring the behavior of attached cells. 
Spherical AuNPs can be substituted by other plasmonic nanostructures 
with non-spherical morphologies, including nanostars, nanoshells, or 
nanorods, to enable multimodal and highly sensitive biomarker detec
tion by following refractive index-dependent LSPR shifts, together with 
surface-enhanced Raman and fluorescence detection. Another inter
esting direction is to investigate the ability to release cells from the 
surface of AuNP@MCs by leveraging plasmonic heating effects. The 
present study serves as a key step forward towards design and engi
neering of new types of suspended 3D plasmonic cell-growth structures 
that can be leveraged for multiple sectors including, cell-expansion, in- 
vitro models, tissue-engineering scaffolds and in-vitro diagnostics. 
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[5] J. Sabaté del Río, J. Ro, H. Yoon, T.-E. Park, Y.-K. Cho, Integrated technologies for 
continuous monitoring of organs-on-chips: current challenges and potential 
solutions, Biosens. Bioelectron. 224 (2023), 115057, https://doi.org/10.1016/j. 
bios.2022.115057. 

[6] S. Fuchs, S. Johansson, A.Ø. Tjell, G. Werr, T. Mayr, M. Tenje, In-line analysis of 
organ-on-chip systems with sensors: integration, fabrication, challenges, and 
potential, ACS Biomater. Sci. Eng. 7 (2021) 2926–2948. 

[7] P.S. Couto, M.C. Rotondi, A. Bersenev, C.J. Hewitt, A.W. Nienow, F. Verter, Q. 
A. Rafiq, Expansion of human mesenchymal stem/stromal cells (hMSCs) in 
bioreactors using microcarriers: lessons learnt and what the future holds, 
Biotechnol. Adv. (2020), 107636. 
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