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1. Synthesis and characterization of gold nanostars

AuNPs and AuNSs were synthesised and characterised as previously reported, since the method proved to have
a good batch-to-batch reproducibility?. AuNPs with a diameter of 12 nm (Aspr = 519 nm) were synthesised by the
method reported by Ojea-Jiminéz et al.?, and then used as seeds to obtain the AuNSs. As shown in Figure S1, the size,
morphology, and concentration of AuNSs were confirmed using UV-Vis and SEM. As the SEM micrograph shows,
AuNSs are characterised by a central core with multiple spikes and the average tip-to-tip length observed was =70
nm. The typical broad localised surface plasmon resonance (LSPR) band around 700 nm results from the high
anisotropy of the AuNSs, giving rise to multiple plasmonic modes34. UV-Vis spectra were used to determine the
AuNSs molar concentration (ca. 0.7 nM)>.
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Figure S 1 - (a) UV-Vis spectra of AuNPs (red line) and AuNSs (blue line). AuNPs synthesised by the method reported
by Ojea-Jiminéz? allowed a diameter of 12 nm (ALSPR = 519 nm). These AuNPs were used as seeds to produce the
AuNSs. The AuNSs present a LSPR band centred approximately at 704 nm and a large broadening due to their multiple
resonances caused by the tips and edges. The small broad resonance at =514 nm is associated to transverse
resonance within the branches or to plasmonic resonances of spherical protuberances®>. (b) SEM micrograph of
AuNSs after synthesis where it is possible to observe their characteristic anisotropic morphology.



2. Functionalisation of gold nanostars with MBA or DTNB

UV-Vis spectroscopy and agarose gel electrophoresis (AGE) were used to verify the functionalisation process i.e.
the presence of MBA or DTNB after its addition to the AuNSs at a ratio of 1:50,000, as previously optimized)?! (Figure
S2). Considering the UV-Vis spectra, a 22 nm or 18 nm red-shift of the LSPR is observed for MBA or DTNB, respectively.
This phenomenon occurs due to an increase in the local refractive index at the AuNS surface®. Since AuNSs are
anisotropic, they show a large change in the refractive index due to the presence of “hot spots” (especially at tips or
edges) responsible for enhanced electromagnetic fields®8. Regarding AGE, two distinct behaviours are observed. As
synthesized, non-functionalized AuNSs did not migrate in AGE, probably due to the loss of the weakly bound citrate
ions or the presence of specific interactions between the gel and the nanoparticles®. Conversely, functionalized
AuNSs present an electrophoretic mobility, corresponding to a full layer of MBA or DTNB covering the AuNSs? (Figure
S2).
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Figure S 2 - (a) UV-Vis spectra of non-functionalised AuNSs j.e. with citrate ions from the synthesis (blue line) and
MBA-functionalised AuNSs (red line). The AuNSs present a LSPR band centred approximately at 690 nm and a large
broadening due to their multiple resonances caused by the tips and edges. This LSPR is red-shifted to 712 nm when
MBA is added to replace the citrate ions due to its thiol group which has a higher affinity for gold. (b) Photograph of
an agarose gel where a difference in electrophoretic mobility can be readily distinguish MBA-functionalised AuNSs
(second well) from the non-functionalised AuNSs (first well). (c) UV-Vis spectra of non-functionalised AuNSs i.e. with
citrate ions from the synthesis (blue line) and DTNB-functionalised AuNSs (green line). The AuNSs present a LSPR
band centred approximately at 680 nm and a large broadening due to their multiple resonances caused by the tips
and edges. This LSPR is red-shifted to 698 nm when DTNB is added to replace the citrate ions due to its thiol group
which has a higher affinity for gold. (d) Photograph of an agarose gel where a difference in electrophoretic mobility
can be readily distinguish DTNB-functionalised AuNSs (second lane) from the non-functionalised AuNSs (first lane).



3. Covalent functionalisation with antibodies

AGE has been instrumental in determining the most suitable conditions to establish active and stable SERS-
immunotags®1014 Therefore, the sandwich SERS-based immunoassay was simulated in AGE, by which the
electrophoretic mobilities of the different stages in the bioconjugation process were measured. A horizontal agarose
gel system was used in all experiments under a constant voltage of 150 V (E = 10 V/cm) in a mini-sub cell GT (Bio-
Rad, Portugal) with agarose; 0.3% in Tris-acetate-EDTA (TAE) buffer 0.125x. Samples for AGE, were centrifuged at
9500 g at 10 °C for 10 min, and the supernatant was discarded. Fifteen plL of potassium phosphate buffer (pH = 7.4,
5 mM) were used to resuspend the pellet and samples were loaded in the gel. Digital pictures of the gels were
processed by eReuss software (freely available at https://github.com/lkrippahl/eReuss), providing an accurate
measurement of the red bands migration in agarose, and thus allowing calculation of electrophoretic mobility.

Electrophoretic mobility (i) is defined as the observed rate of migration of a component (v) divided by the electric
field strength (E) in a given medium?®. In the case of AGE, a solid support medium, only apparent values can be
determined. AGE mobilities are represented as variations relative to the maximum mobility band (Ap).

As for anti-HRP binding to AuNS-MBA by physisorption interactions?, covalent conjugation also leads to a lower
migration of SERS-immunotags toward the positive pole. As shown in Figure S 3, the electrophoretic mobility of SERS-
immunotags was lower for covalent conjugation (red triangles) than for the physisorption-based conjugation (blue
circles), in all conditions tested. In physisorption conjugation, the decrease in electrophoretic mobility is related to a
higher number of antibodies adsorbed to the AuNSs surface, thus increasing the hydrodynamic size and partially
cancelling the global net charge!®. Herein, the amount of anti-HRP used corresponded to the full antibody corona
around the AuNSs by physisorption adsorption®. Thus, differences in electrophoretic mobility between the
physisorption and the covalent SERS-immunotags are determined by the coupling efficiency; as more antibody bound
to the AuNSs translates into a decrease of electrophoretic mobility!. Hence, it is plausible to assume that the
crosslinking reaction allowed a higher amount of the anti-HRP molecules to be attached to the AuNS-MBA. All
electrophoretic mobilities were subjected to one-way ANOVA with Tukey’s multiple comparison test for the means.
Only when the means between physisorption and covalent bioconjugations were significantly different, the covalent
bioconjugation was considered successful.

Several different experimental parameters were optimized, namely:

pH - MES buffer is a non-coordinating buffer and was chosen as it is known as one of the most effective for
coupling reaction?®617_|n Figure S 3A, from all the tested pH, the antibody was mostly coupled to AuNSs at pH 6.5.
At pH 7, the coupling reaction is less effective since the pH of the reaction is more alkaline than that recommended
for EDC activation reaction®®. As a result, the amount of antibody conjugated with AuNSs is lower (as seen by the
higher value of electrophoretic mobility in Figure S 3A). However, at pH 6, the diminished colour of the migration
band observed reflects the aggregation of AuNSs during the coupling reaction.

Time - The effect of incubation time on the coupling efficiency was evaluated for 1, 7.5, 15 and 30 minutes. The
amount of antibody bound to the AuNSs increased for longer incubation time, as demonstrated by the lower
electrophoretic mobility (Figure S 3B). Since the reactions for 30 and 15 minutes showed similar efficiencies, the 15
min was chosen for further assays as it ensures a quicker, yet efficient process.

[EDC]/[SNHS] - The EDC to SNHS molar ratio, is mentioned in several works, although very few report a systematic
investigation to maximise the coupling efficiency*1°-21, The molar ratios of EDC to SNHS varied from 1:0 to 1:10. As
verified in Figure S 3C, for the molar ratios 1:0 and 1:0.5, the coupling reaction resulted in lower coupling efficiency,
thus highlighting the importance of using SNHS to stabilise the active intermediate with carboxylates. Increasing the
molar ratio led to the same range of electrophoretic mobilities. There was a small decrease in conjugation yield with
an excess amount of SNHS, since the migration bands showed a higher aggregation level (1:6 and 1:10 molar ratios).
Excess SNHS might lead to the competition with the protein by the carboxyl groups activated with EDC?. For this
reason, the ratio of EDC:SNHS chosen was 1:2 since it showed a higher significantly difference with no signs of
aggregation.

The final crucial parameter evaluated was the concentration of EDC necessary for the coupling reaction (Figure S
3D). A series of EDC concentrations ranging from 0.005 to 100 mM were tested while the [EDC]/[SNHS] ratio was
fixed at 1:2. It is evident from the lower electrophoretic mobility, that the most effective coupling conditions are
observed for EDC concentrations of 10 and 50 mM. Low amounts of EDC showed a higher variance (p-value >0.05)
which might be due to several populations of SERS-immunotags with distinct loads of antibody that results in
different hydrodynamic sizes and electric charges. Also, lower coupling efficiency was observed at higher



concentrations of EDC, possibly due to a competitive process between the highly concentrated antibody, thus

reducing the available quantity to react to the nanoparticle surface®.

Optimised bioconjugation parameters for covalent conjugation, as evaluated by AGE, were MES buffer at pH 6.5,
for a duration of 15 min and with a molar ratio of EDC:SNHS of 1:2 at an EDC concentration of 10 mM.
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Figure S 3 - Covalent bioconjugation efficiency evaluation by AGE migration profiles. Optimisation of covalent

bioconjugation was achieved by varying several parameters including (a) pH, (b) duration of the coupling reaction,
(c) molar ratio between EDC:SNHS, and (d) concentration of EDC. Error bars correspond to standard deviation from

three independent experiments (different sets of SERS-immunotags). One-way analysis of variance (ANOVA) followed

by the Tukey’s multiple comparison test were applied for statistical comparisons. *p<0.05, **p<0.01, ***p<0.005,

#*xx%p<0.001, ***** p<0.0001 vs. physisorption conjugation.



4. Characterisation of SERS-immunotags and proof-of-concept for the biosensor

To test the functionality of the SERS-immunotags, colloidal suspensions were incubated with the respective
antigen for the chosen antibody (HRP), followed by free anti-HRP antibody, simulating a positive assay result. Each
stage of the bioconjugation formation and immunoassay simulation was monitored by UV-Vis spectroscopy, DLS and
C-Potential. The adsorption of macromolecules on the AuNS-MBA surface causes a red-shift of the plasmon
resonance band (Figure S 4)1. As mentioned before, the LSPR wavelengths shifts are a consequence of the changes
in the refractive index of medium surrounding the nanostructures??. The slight broadening of the LSRP band can be
a result of AuNSs aggregation or the higher degree of heterogeneity of AuNSs with different loads of proteins.
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Figure S 4 - (a) UV-Vis spectra and (b) LSPR maximum of bioconjugation process by covalent coupling. Normalised
optical spectra of as-synthesized nanostars (AuNS; a), with functionalisation (AuNS-MBA; b), after antibody
conjugation (AuNS-MBA-anti-HRP; c) and blocking with BSA (SERS-immunotag; d). Followed the SERS-immunotag
production, HRP was added to form (SERS-immunotag-HRP; e) and the sandwich immunoconjugate was completed
with the antibody (SERS-immunotag-HRP-anti-HRP; f). The negative result for the assay was obtained with the
addition of anti-HRP to the SERS-immunotags without HRP (SERS-immunotag-anti-HRP; g). Error bars correspond to
the standard deviation from three independent experiments.

DLS and (—potential measurements of the SERS-immunotags were also obtained to further characterize SERS-
immunotags formation (Table S 1 and Figure S 5). An average hydrodynamic diameter of 67.9+0.4 nm was observed
for AUNS-MBA alone. The hydrodynamic diameter of the SERS-immunotags can be related to the amount of protein
bound to the AuNSs since the diameter increases by each step of the conjugation. The subsequent additions of
antibody, antigen, and antibody resulted in shifts of the average hydrodynamic diameter. In the covalent conjugation,
the size increases from 67.940.4 nm to 149.1 + 1.7 nm when the SERS-immunotag is formed. Compared to the
physisorption bioconjugation approach, the hydrodynamic diameter of SERS-immunotags is ®67 nm higher when the
EDC-NHS is used to promote the covalent bond!. We suggest that the crosslinking event allows to attach more
antibodies to the AuNSs surface or even to promote bounds such as nanoparticle-antibody-antibody. The dimensions
of HRP are small, compared to SERS-immunotags (3.0 x 6.5 x 7.5 nm)?3, so there is no appreciable hydrodynamic size
increase when the SERS-immunotags are incubated with HRP to form SERS-immunotags-HRP. The PDI values after
each step of conjugation confirmed the results observed in UV-Vis spectroscopy.



Table S 1. DLS and Zeta potentials of SERS-immunotags and following steps toward sandwich immunoassay.

Diameter C-Potential PD|
(nm) (mV)
AuNS-MBA 67.9+0.4 -31.6+0.8 0.223
SERS-immunotags 149.1+1.7 -256+1.1 0.355
SERS-immunotags — HRP 149.0+3.2 -22.1+0.8 0.367
SERS-immunotags — HRP —anti-HRP 161.0+1.3 -19.3+0.9 0.368

Furthermore, {-potential can also be used for evaluating the nanoenvironment, being an indicator of the colloidal
suspension stability. This value shows that the colloidal particles are electrically stabilised and hence can be used in
the following assays for determining the positive detection of peroxidase by enzymatic assay and SERS activity. At pH
7, the AuNSs are negatively charged due to physiosorbed citrate ions (Table S 1 and Figure S 5). The global negative
charge will interact with the positive charged residues of anti-HRP, consequently the zeta potential increases from -
32 mV to -25 mV, consistent with adsorption of antibody on AuNSs surfaces. The following steps of HRP and further
anti-HRP addition revealed small decreases in zeta potential to -22 mv and -19 mV, respectively, confirming
successful adsorptions.
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Figure S 5 - Hydrodynamic diameter and zeta-potential for several steps of SERS-immunotag formation (error bars
are measurements of n = 3 + standard deviation).

The functionality of the Anti-HRP AuNS-bound antibodies can be evaluated by peroxidase activity of the bound HRP
antigens. Samples with no addition of HRP showed no enzymatic activity. On the other hand, an increase in the
concentration of antibody leads to a higher amount of HRP captured by the antibodies present in the bioconjugates
(Figure S6).
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Figure S 6 - Functionality of the SERS-immunotags obtained by physiosorption (yellow bar) or covalent (green bar)
methods, as evaluated by percent enzyme activity of bound HRP relative to total HRP in solution, before binding to
the SERS-immunotags. The enzymatic activities for SERS-immunotags with HRP (green and yellow bars) and without
HRP (blue bar) confirmed positive recognition by the AuNS-immobilised anti-HRP antibodies.

In Figure S7, the positive assay result, SERS-immunotag (with anti-HRP)/HRP/anti-HRP, is represented by a green
bar, whereas the red bar corresponds to the negative result. The electrophoretic mobility from the negative result is
analogous to the SERS-immunotag alone, since the anti-HRP antibodies added to the SERS-immunotags did not have
the antigen to form the sandwich complex.

Electrophoretic Mobility (x10°)
Im2v-is

Figure S 7 - Proof-of-principle of the SERS-based immunoassay. Electrophoretic mobility was determined by AGE. The
green bar corresponds to the sandwich complex formed during HRP antigen detection (positive result). The red bar
corresponds to the negative result when no HRP antigen is present. Error bars correspond to the standard deviation
from five independent experiments (different sets of SERS-immunotags). One-way analysis of variance (ANOVA) was
applied for statistical comparison followed by the Tukey’s multiple comparison test, *p<0.05.



5. Characterisation of the regenerated cellulose hydrogel

As can be seen in Figure S 8, the phase difference did not change significantly after the TEMPO treatment on the
cellulose. In the work of Orelma et al. an increase in phase difference was observed followed by an increase in surface
roughness, which was attributed to a higher hydrophilic nature due to the increased water molecules bounded to
the carboxylated cellulose?*. However, the RCH and TO-RCH samples were immersed in PBS buffer during AFM

analysis which might eliminate this effect.
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Figure S 8 - AFM images of the (a) unmodified RCH and (b)TEMPO-oxidated RCH.

FTIR spectroscopy was performed with a Thermo Nicolet 6700 Spectrometer (Waltham, MA, USA) equipped with a single
bounce diamond crystal Attenuated Total Reflectance (ATR) sampling accessory (Smart iTR). Spectra were acquired with a 4
cm resolution in the range of 4000-525 cm™! with a 45° incident angle.
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Figure S 9 - FTIR spectrum of the as-prepared (RCH, blue) and after activation by TEMPO (TO-RCH, red), with band
assignments for the typical bands of cellulose?®. The inset is a magnification of the 1500-1700 cm-! region, evidencing
the appearance of carboxyl-group broad bands, after TEMPO oxidation.

10



6. Classical least squares model

Multivariate curve resolution (MCR) methods are used for demultiplex the mixed spectrum into the different
chemically meaningful components and provide a way to quantify the contribution of each component on the original
mixed spectrum. The mixed Raman spectrum is assumed as a linear combination of the spectra of several pure
components and the MCR methods aim to minimise the Euclidean distance between the pure components and an
estimate of the transpose of coefficients from the corresponding components quantifying the contribution?®.

In a classical least squares model, we assume that the raw data is a product of a weighted sum of reference
component spectra,

D=KC+E (D

Where D is the measure spectrum, K is a vector of the Raman spectrum of pure components and Cis the vector
of coefficients which guantify the contribution of each corresponding component in K \n other words, Cis the
coefficient values vector which dictates “how much” each basis vector contributes to each pixel from the measured
signal, D Because the measured spectrum and the pure substances spectra contain noise, the residuals are
expressed by E, and represent the experimental error or remaining background. Usually, E is considered as noise
and normally distributed?®.

Being a least square model means that we want to minimize the error in the reproduction of values of D gver all
wavenumbers, so from equation (1), we obtain:

E=D-KC 2

2__.T
Applying the Euclidean norm of €, i.e.”g||2 =X X e get:

ID - KC||3= (D -KC)"(D-KC)=C"K"KC - 2D"KC + D™D

Vx(xTMx) =2Mx,

To find the minimum of the function, we derive, and set equal to zero to find the contribution

coefficients?®:
V.(C"K"KC-2D"KC + D"D) = 2K"KC - 2K'D = 0K'KC =K' D&
oC=(K"K)"'k'D 3)

The CLS analysis was then carried out with in-house scripts written in Python 3.8. The CLS analysis method
assumes each point in the raw spectral map to be a mixture of reference component spectra. In other words, the
raw spectrum is considered as a weighted sum of the linear contributions of the reference components, and the
(supervised) CLS fitting process generates scores to represent the weightings of each constituent contribution?’. The
reference components were the pure Raman spectra of MBA and DTNB SERS-immunotags and the functionalised
RCH.
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7. Threshold value for application of the CLS method

The CLS method was applied to resolve complex SERS spectra. The corresponding coefficients of the MBA Raman
probe from the SERS-immunotags and from the RCH from all the pixels were plotted, thus constructing the sandwich
complex image. Admitting that the SERS signal of MBA is obtained from a positive detection of HRP bound to anti-
HRP immobilised on the RCH platform, the number of events i.e. pixels, can be correlated with the concentration of
HRP. Nevertheless, it is important to threshold the immuno-platform data in order to distinguish the immunocomplex
from the capture platform and to avoid a high degree of error for the components tested and loss of information
from the dataset 28. Thus, |SERS maps of controls that explore the non-specific binding of SERS-immunotag to the
capture platform, were performed and the component coefficient values were determined. From all coefficient
values obtained, 95% were at or below 0.352, and consequently were deemed not to be positive immunocomplexes
(Figure S 10)%.
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Figure S 10 - Histogram of component coefficient frequencies for blanks in the SERS immunoassay. The red dashed
line represents the 0.352 component coefficient that was considered as the threshold for the positive detection of
a SERS immunoassay.
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8. Selectivity of the immunoassay

The selectivity of the SERS-based RCH immunoassay was assessed by testing the responses to a purified irrelevant
antigen, namely P. falciparum His-Rich Protein 2 (PfHRP2), used for malaria infection detection vs. positive detection
using the target antigen, HRP. Figure S11 presents five randomly chosen spectra from the negative control i.e. with
PfHRP2 and five also randomly chosen from the positive assay i.e. with HRP.
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Figure S 11 - Selectivity response of the immunoassay. Five randomly chosen SERS spectra from the “Negative
control” (red data) i.e. with PfHRP2 and five randomly chosen SERS spectra from the “Positive” (green data) for the
target antigen, HRP.
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10. Reproducibility and stability examination.

The inter and intra-reproducibility of the SERS-based RCH immunoassay was studied by testing three independent
batches of membrane functionalised with anti-HRP. Similar responses were obtained between different batches and
within each batch with a relative standard deviation for the SERS signal of 13%, indicating a high reproducibility for
all the four performed tests for each sample (time =0 h in Figure S12A).

The activity of the immunoassay is dependent on the stability of SERS-immunotags, and of the antibodies
immobilised on the membrane. Therefore, their activities were monitored independently by their enzymatic activity
and by the SERS immunoassay after one week (168 h) (Figure S 12). The HRP bounded to the antibody attached to
the membrane showed very good stability with a decreasing in activity only to 83%, after 168 h. After the same
period, the SERS-immunotags showed 52% of their original activity, as well as a diminished capacity for immuno-
detection, as evaluated by SERS, 87% (Figure S 12).
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Figure S 12 - Time stability study. (a) Sandwich immunoassay SERS results for three independent batches of the
capture platforms and MBA-SERS-immunotags. (b) Enzymatic activity for 0 h, 16 h, 24 h and after 168 h, for SERS-
immunotags (blue bars) and the capture platform (green bars). Error bars correspond to the standard deviation from

three independent experiments. (c) Four, randomly selected, pixelated SERS maps from the HRP stability study
presented in (a).
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11. Capture platform reusability

Biosensor regeneration was done by removing the SERS-immunotags and the target analyte, HRP, from the
capture platform with 0.2 M glycine-HCI, and then washing with PBS to restore the capture platform for another
analytical cycle with HRP. Figure S 13 shows SERS activity along seven analytical cycles with a regeneration step
between each cycle. Figure S 14 shows the SERS activity as well as the enzymatic activity for the entire process of
regeneration including the decrease in SERS and enzymatic activity when the capture platform is cleaned from the
HRP and SERS-immunotags.
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Figure S 13 - Capture platform reusability. (a) SERS activity of the biosensor along 7 regeneration cycles of the capture
platform (b) Examples of pixelated SERS maps obtained for the indicated number of regeneration cycles. Error bars
correspond to the standard deviation from three independent experiments.
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Figure S 14 - Capture platform reusability. (a) False-coloured SERS maps showing the SERS activity of the biosensor
along two regeneration cycles of the capture platform as well as between the cycles. (b) Enzymatic activity of the
biosensor along two regeneration cycles of the capture platform as well as between cycles. Error bars correspond to
the standard deviation from three independent experiments.

15



12. Estimated cost of the proposed biosensor

Although an estimation for the cost is challenging without the knowledge of the facilities used for cellulose
treatment, these reagents can be reused, significantly reducing the cost??. The cellulose market is a growing market
and is expected to worth 1460 million USS by the end of 202530, This reflects the emergence of a new worldview that
demands the adoption of sustainable concepts by making greater use of naturally abundant, renewable, and
environmentally friendly raw materials, such as cellulose, that will play a key role in (bio)economy. The most
expensive reagent used here is the antibody. Admitting a cost of around 400€ with an antibody at 90 mg/mL, the
cost per capture platform (0.5 cm x 0.5 cm) would be 0.056€31. Due to the possibility of reusing the platform the
prices decrease seven times. The cost of the SERS-immunotags will increase the price of the complete system by
around 0.24€ due to the cost of the gold solution3?. The proposed biosensor can then be regarded as a cost-efficient
system.
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