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Introduction

Lubricin (PRG-4) anti-fouling coating for surface-
enhanced Raman spectroscopy biosensing:
towards a hierarchical separation system for
analysis of biofluids+t

b<d Matthew J. Russo,?

° Anita F. Quigley,“€ Robert M. |. Kapsa,“¢
*" and George W. Greene*®P<

Mingyu Han, (2 **<9 Saimon M. Silva,
Pauline E. Desroches,® Weiwei Lei,
Simon E. Moulton,*<9 Paul R. Stoddart

Surface-enhanced Raman Spectroscopy (SERS) is a powerful optical sensing technique that amplifies the
signal generated by Raman scattering by many orders of magnitude. Although the extreme sensitivity of
SERS enables an extremely low limit of detection, even down to single molecule levels, it is also a primary
limitation of the technique due to its tendency to equally amplify ‘noise’ generated by non-specifically
adsorbed molecules at (or near) SERS-active interfaces. Eliminating interference noise is thus critically
important to SERS biosensing and typically involves onerous extraction/purification/washing procedures
and/or heavy dilution of biofluid samples. Consequently, direct analysis within biofluid samples or in vivo
environments is practically impossible. In this study, an anti-fouling coating of recombinant human
Lubricin (LUB) was self-assembled onto AuNP-modified glass slides via a simple drop-casting method. A
series of Raman spectra were collected using rhodamine 6G (R6G) as a model analyte, which was spiked
into NaCl solution or unprocessed whole blood. Likewise, we demonstrate the same sensing system for
the quantitative detection of L-cysteine spiked in undiluted milk. It was demonstrated for the first time that
LUB coating can mitigate the deleterious effect of fouling in a SERS sensor without compromising the
detection of a target analyte, even in a highly fouling, complex medium like whole blood or milk. This feat
is achieved through a molecular sieving property of LUB that separates small analytes from large fouling
species directly at the sensing interface resulting in SERS spectra with low background (i.e., noise) levels
and excellent analyte spectral fidelity. These findings indicate the great potential for using LUB coatings
together with an analyte-selective layer to form a hierarchical separation system for SERS sensing of rele-
vant analytes directly in complex biological media, aquaculture, food matrix or environmental samples.

the versatility and sensitivity of surface-enhanced Raman scat-
tering (SERS),' several researchers have tried to exploit this

The analysis of biofluids such as blood, saliva, urine, tears,
and milk is a critical activity in a wide range of fields, includ-
ing medical diagnostics, forensics, and food production. Given
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technique for identifying different states of body fluid (e.g. dis-
eased versus healthy) or the detection of specific components
in body fluids.>® Since the most significant and valuable bio-
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chemical information is contained in the clinical blood
sample, blood analysis using the SERS technique is attracting
increasing attention. However, SERS analysis of clinical blood
samples is subject to many of the same challenges as other
analytical techniques, given that the samples are complex,
unstable mixtures of many potentially interfering components
with a wide range of absorptivity. Due to the complex compo-
sition of blood, it makes a major difference if the measure-
ment is performed on whole blood, plasma, or serum, and if
the sample is filtered or dried. Even for plasma or serum
samples, serum proteins have been found to limit SERS
enhancement by preventing nanoparticle aggregation when
colloidal nanoparticles (typically gold or silver) are used as the
substrate.” In addition, the potential selective adsorption of
some proteins on the SERS substrate can change intensities in
the spectra even at very low concentrations.® Therefore, to
obtain more reliable and quantitative Raman enhancements,
it is usually necessary to involve intensive pre-treatments or
chemically modify the SERS substrate surface to filter the
fouling molecules (e.g. proteins, fats) from biofluid samples.

Although a few studies have attempted to analyze unpro-
cessed samples,”'® the majority of reports use a variety of sep-
aration technologies such as nitrocellulose membrane and
HPLC instrument,'™'? or protective coatings (e.g. polyethylene
glycol and silica)® to detect specific analytes that might not
otherwise be resolved in the presence of other dominant or
interfering species due to the substantial non-specific adsorp-
tion of proteins or cells in clinical blood samples. Given these
challenges, a number of strategies reported in the literature
have focused on how to remove interfering components before
analysis or employed selective recognition elements such as
peptide-based receptors and antibodies on the surface to
detect target analytes that interact weakly with the SERS sub-
strate."® SERS nanoparticles with epidermal growth factor
peptide as a targeting ligand have been used to detect circulat-
ing tumor cells in unprocessed peripheral blood.**

Polymers, especially zwitterionic polymers such as poly(gly-
cidyl methacrylate-co-sulfobetaine methacrylate),"
r-cysteine,"*™® and poly(carboxybetaine),'® are often used as
an anti-fouling layer to combat the non-specific adsorption of
proteins from blood samples. However, the zwitterionic
polymer-modified SERS substrate still can only be used to
analyze the serum,'®'” or blood plasma,'® instead of unpro-
cessed whole blood. Furthermore, in previous works that
reported analysis of serum or blood plasma using SERS, the
SERS substrate had to be washed with Milli-Q water or buffer
solution to minimize the fouling effect of serum or plasma
prior to conducting Raman measurements.'®*®

Despite these and a few other examples, in comparison to
more conventional electrochemical biosensors and plasmonic
techniques,?®*' the use of anti-fouling surfaces in SERS to
reduce the confounding effects of cells and larger bio-
molecules appears to have been relatively neglected. In order
to advance these promising applications of SERS in biofluid
analysis, particularly for the rapid, point-of-care detection of
small molecules such as metabolites, drugs and hormones in
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whole samples, it is clear that improved methods of separation
are required to manage interference from unwanted
biomolecules.

Here we investigate the use of lubricin (LUB) as an anti-
fouling surface for the SERS analysis of unprocessed whole
blood samples spiked with rhodamine 6G (R6G) as a model
analyte, and an undiluted milk sample spiked with cysteine as
a clinical analyte. This comprises a first step towards a novel
hierarchical, in situ approach to sample separation for SERS
analysis. LUB is a large glycoprotein that is found in articular
joints and self-assembles on a range of different
substrates.”*>* It has recently been shown to form anti-
adhesive,>*° size-selective coatings that inhibit biofouling of
electrode surfaces with minimal loss in electrochemical
activity.>'? It is therefore reasonable to expect that the anti-
fouling and size-selective properties of LUB coating can be
transferred to the SERS sensing platform for the purpose of
resisting unwanted adsorption. Compared to other polymers
used as anti-fouling and protecting layers, there is no need for
LUB coating to employ complex surface chemistry to modify
the surface, which can change the surface properties of SERS
substrates.

To showcase the effectiveness of the self-assembled lubricin
(LUB) coating as an anti-fouling surface for SERS analysis of a
‘real’ biological analyte in highly complex fluid media,
L-cysteine was quantitatively detected in undiluted milk.
Cysteine is a thiol-functionalized amino acid that plays an
important role in the human body as one of the twenty essen-
tial amino acids.*® As the only natural amino acid with a sulf-
hydryl group, which participates in protein synthesis and
protein folding,**** and the metabolism of phospholipids in
human organs such as the liver as one of the major intermedi-
ate products,*®?” cysteine has been widely used as a biomarker
in bioanalysis and food processing industries.*® Cysteine has
also been added to dairy foods such as milk as a high nutri-
tional supplement to increase antioxidant capacity,®® and
improve various biomarkers of endothelial dysfunction and
cardiovascular disease.’®*" Prior to adding cysteine as
additional nutrition content in milk, it is important to under-
stand the original concentration of cysteine. It has been
reported that the concentration of free cysteine in bovine
mammary secretions beginning 3 to 5 days after last milking is
0.66 umol L™ before drying off and 6.66 umol L™" after drying
off.*? Also, the difference of cysteine concentration and meth-
ionine to cysteine ratio in goat, cow, and human milk has
been confirmed.* 1t is therefore significant to selectively and
sensitively detect the additional cysteine levels in food
matrices like milk. Several analytical methods such as electro-
chemical determination,***® colourimetric determination,*®
Fourier transform infrared spectroscopy,’”” and fluorescence
probes have been applied,*®*>' however, to the best of our
knowledge, there is no reported SERS-based sensing technique
for the direct detection of cysteine in a milk sample, especially
detecting the cysteine in the undiluted milk sample.

The ability to perform SERS analysis directly within
complex biological fluids such as blood and milk with effec-
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tively no sample preparation (i.e. dilution, extraction, rinsing,
etc.) has the potential to open up a new world of future appli-
cations for SERS including in vivo continuous drug monitoring
and in-line screening of food and beverage feedstocks for
harmful toxins or pathogens.

Materials and methods

Materials

Rhodamine (R6G, 99%) and NaCl were purchased from Chem-
Supply Pty Ltd, H,SO, and H,0, were purchased from ASIS
Scientific, aminopropyltriethoxysilane (APTES, >98%), sodium
tetrachloroaurate(m) dehydrate (AuCl,Na,-H,0), L-cysteine, and
sodium citrate tribasic dihydrate (Na;CcH50,-2H,0) was pur-
chased from Sigma-Aldrich, and the unprocessed whole blood
samples used in this work were commercially available pro-
ducts (anticoagulated with K2 EDTA) acquired from Innovative
Research (Novi, USA) from a healthy human donor. Undiluted,
‘full cream’ milk was purchased from a local supermarket
(Woolworths, Melbourne, Australia). The Lubricin (LUB) used
in this work was a full sequence recombinant human LUB,
supplied by Lubris BioPharma (Framingham, MA USA). The
original LUB was a 2.3 mg mL™" solution in PBS 150 mM NaCl
(10 mM sodium phosphate, 137 mM sodium chloride, and
2.7 mM potassium chloride at pH 7.4, at 25 °C). An additional
0.1% polysorbate 20 stabilizing agent was added as a surfac-
tant and potentially adhesion to the substrate surface. The
purity of the LUB was >99.5%, assessed by Lubris Biopharma.
2.5 mL of LUB solution was dialyzed against a 500 mL polysor-
bate free solution of PBS using a Slide-ALyzer 20 000 molecular
weight cut-off dialysis cassette. The dialysis was performed
over a period of 24 h with the dialyzing solution exchanged for
a fresh solution at approximately 4 and 8 h. After the dialysis,
the LUB solution was divided into smaller volumes and flash-
frozen using liquid nitrogen for storage until use.

Substrates and samples fabrication

The Au nanoparticles were synthesized as described by Vega
et al.”® In detail, 100 mL of 1 mM AuCl,Na,-H,O solution was
brought to the boiling point, and then 15 mL of 1 wt% of
sodium citrate was rapidly added to the AuCl,Na,-H,O solution
while stirring. The solution was kept at 4 °C once cooled
down. The AuNPs coated substrate was prepared based on the
previous work, reported by Hou et al. with a slight modifi-
cation.>® Briefly, the glass slide (SiO,) was firstly rinsed
through a large amount of Milli-Q water, then immersed in
freshly prepared piranha solution consisting of 98% H,SO,
and 30% H,0, with a volume ratio of 3:1 for 1 h at 80 °C to
remove any organic contaminations on the surface and obtain
a completely smooth and hydroxylation layer. The modified
glass slide was then rinsed thoroughly with Milli-Q water and
dried in a stream of nitrogen gas. In this study, the organosi-
lane layer containing a homogeneous amine group surface was
fabricated by the vapour deposited method. In detail, the
piranha solution cleaned glass slide was put into a vacuum
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View Article Online

Paper

desiccator with 1 mL of pure APTES in the desiccator over-
night. After rinsing with Milli-Q water and curing at 110 °C for
15 min, the APTES layer was deposited onto the cleaned
surface. Finally, the modified glass slide was immersed in the
gold colloid solution at room temperature for 20 min to obtain
the AuNPs surface. For the LUB-SERS, 50 pl of LUB solution
(100 pg mL™") was directly dropped on the cleaned and AuNP-
coated surface and left for 20 min to allow LUB self-assembled
onto the surface, followed by Milli-Q water rinse to remove the
free LUB molecules. 20 min has proven to be long enough for
LUB to form a stable layer on a wide range of surfaces in pre-
vious works,?>?%?7,31,54

In the study of R6G detection in unprocessed whole blood,
two types of analytes were prepared which were R6G (10~* M)
spiked in 150 mM NaCl and R6G spiked in unprocessed whole
blood. R6G (10™* M) was prepared by dissolving R6G in
150 mM Nacl solution, while the R6G-blood mixture was pre-
pared by directly dissolving R6G with a concentration of 10™*
M in unprocessed whole blood. For the calibration measure-
ments, the R6G-blood mixture was again prepared, but with a
series of different concentrations including 107" M, 107> M,
107%, 1077 and 10~® M, respectively.

In the study of cysteine detection in undiluted milk, two
types of milk samples were prepared which were cysteine (10™*
M) spiked in 150 mM NaCl and cysteine spiked in undiluted
milk. Cysteine (10~ M) was prepared by dissolving cysteine in
150 mM NaCl solution, while the cysteine-milk mixture was
prepared by directly dissolving cysteine with a concentration of
10™* M in undiluted milk. For the calibration measurements,
the cysteine-milk mixture was again prepared, but with a series
of different concentrations including 107> M, 10~° M, 107%,
107° and 107° M, respectively.

SERS characterization

The Renishaw inVia Raman spectrometer coupled to a
research-grade Leica microscope was employed in this study,
and specifically, the helium-neon laser (633 nm) was used for
excitation. The suitable grating and filter combinations were
installed, and calibration was conducted before each set of
measurements. For the Raman measurements, the sample was
inverted on the microscope stage to allow the laser to be
aligned, positioned and focussed on the sample through the
backside if the slide, which has been shown to increase the
SERS enhancement.?® The parameters for all sets of measure-
ments were the same, including a 10 s or 30 s integration
time, 25 mW or 5 mW laser power on the sample and the spec-
tral range was from 500 to 1750 cm™~". The Raman spectra were
collected by a 50x objective lens from Leica. Fluorescence in
the collected spectra was removed by a background subtraction
algorithm by Wire 5.4, followed by a process using MATLAB
R2018b software package.>®

To assess the fouling effect of the unprocessed whole blood
on the Raman spectra of R6G, and the undiluted milk on the
Raman spectra of cysteine, 20 pl of each of R6G spiked in
150 mM NacCl or blood, and cysteine spiked in 150 mM NaCl
or undiluted milk was deposited on the bare SERS substrate,
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respectively, for 20 min to reach equilibrium. The size-selective
transport property of the LUB layer was investigated by deposit-
ing the same series of 20 pl samples on LUB-SERS. The cali-
bration measurements of R6G spiked blood, or cysteine in
milk were conducted by depositing 20 pl of each of R6G spiked
in blood, or cysteine in milk with different concentrations on
LUB-SERS, respectively.

Results and discussion

For these experiments, the simplest of SERS sensors was used
consisting of citrate stabilized Au nanoparticles (AuNPs, 4 nm
avg. radius) physically adsorbed at the surface of a commercial,
borosilicate glass microscope slide (see Fig. 1). Over the top of
this AuNP layer, a self-assembled LUB brush layer was applied
by drop-casting a 100 pg ml™" recombinant LUB solution in
phosphate buffered saline. It has been conclusively demon-
strated in the literature that LUB self-assembly results in a tele-
chelic polymer brush coating (see Fig. 1) that is a product of
the unique LUB structure where the molecules adhere to sur-
faces via adhesive domains on either end of a 200 nm long,
anti-adhesive, and heavily glycosylated ‘mucin’ section that
forms the extended ‘loop’.****°” As detailed in previous
reports, the ~100 nm thick LUB brush structure is very diffuse;
consisting of >95% water.>* This diffuse nature of the LUB
brush gives rise to size-selective transport properties which
block large fouling molecules (e.g. proteins) while permitting
small molecules (e.g. drugs, peptides, ions) to diffuse across
the LUB brush layer to access the underlying interface.*" Most
importantly, the adsorbing end-domains have an average graft-
ing distance on SiO, surfaces of ~9 nm and cover less than

Plasma protein
t l White cells

Glass slide Red cells

l Step 1: AuNPs deposition

Platelet

Bare SERS

Step 2: Self-assembled
LUB coating

{ Step 3: SERS measurement (
in unprocessed
whole blood

LUB-SERS

Fig. 1 Schematic of the fabrication of LUB-SERS substrate and the
LUB-SERS measurement using R6G spiked in unprocessed whole blood
as analyte. After cleaning in piranha solution, the glass slide was first
processed with APTES to generate an amine group surface, then
modified by the AuNPs, followed by coating with the self-assembled
LUB brush layer. It was hypothesized that the LUB layer would physically
block and separate the larger molecules in the blood, while allowing
R6G molecules to diffuse into the LUB layer and adsorb on the AuNPs to
generate a SERS signal.
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15% of the surface area®® meaning that the majority remains
unmodified and unaffected by the assembled LUB
brush.>*?>?7:31:38 This low surface coverage of the LUB brush
means that it has minimal impact on the ability of diffusing
small molecules to interact with buried active interfaces; in
this case, the SERS-active AuNPs.

The impact of self-assembled LUB layer on bare SERS

The Raman scattering will be enhanced for any Raman-active
species within just a few nm of the AuNPs. Therefore, it was
essential to determine the level, if any, that the assembled
LUB brush may contribute to the ‘background’ of the Raman
signal. Fig. 2 shows the Raman spectrum obtained using a
633 nm helium-neon laser in a clean 150 mM Nacl solution
(i.e., saline) from the LUB-modified SERS (LUB-SERS) sensor.
Somewhat unexpectedly, as seen in Fig. 2, no discernable SERS
peaks were observed arising from the surface-adsorbed LUB
molecules. The lack of a background signal indicates that the
LUB end-domains, which are rich in amine, carboxyl, and
hydroxyl functional groups known to be good Raman scat-
terers, do not adhere to or interact strongly with the surface
bound AuNPs. Instead, the assembly must occur, preferen-
tially, within the interstitial space between the nanoparticles,
which suggests that there must be a strong (electrostatic) repul-
sion between the LUB end-domains and the AuNPs that lead
the adsorbing end-domains to maximize their distance from
the nanoparticles.

To assess the ability of small molecules to traverse the anti-
fouling LUB brush layer to access the buried AuNPs, the
150 mM NaCl solution was replaced with a solution of 10™* M
R6G in 150 mM NaCl and a SERS spectrum was again collected
using a 633 nm laser. The SERS spectrum collected for R6G
using the LUB-SERS sensor was then compared with the R6G

20000
104 M R6G in 150 mM NacCl
Laser power: 5 mW
15000
2 LUB-SERS <«—
2 10000
g -—p Bare SERS
-
£
5000
0
500 750 1000 1250 1500 1750

Wavenumber (cm™)

Fig. 2 Raman results using bare SERS or LUB-SERS. Raman spectrum
of LUB-SERS without R6G (blue), SERS spectra of R6G spiked in 150 mM
NaCl with bare AuNPs (red), and LUB-SERS for R6G spiked in 150 mM
NaCl (green). All of the Raman spectra were collected using the same
helium—neon laser (633 nm), the integration time was 30 s, and the laser
power was 5 mW.

This journal is © The Royal Society of Chemistry 2024
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spectrum collected using a bare-SERS sensor (i.e., no LUB
coating) in the same solution under the same measurement
conditions. As seen in Fig. 2, the spectra collected using the
bare SERS and LUB-SERS substrates both show strong Raman
scattering with little noise and peak positions consistent with
R6G as reported in previous studies.>*”®' A clear change in the
peak intensities and the appearance of a few new peaks (e.g. at
1480 cm™') was observed in the R6G spectra collected using
the LUB-SERS sensor compared with the bare sensor, possibly
due to the LUB brush influencing the orientation of the R6G
molecules as they diffuse through the LUB brush structure to
bind with AuNPs surface and consistent with previous reports
on molecular orientational effects on SERS spectra.’®®* In
general, it appears that the orientational influence of the LUB
brush on R6G molecules leads to a general enhancement in
the Raman peak magnitude for wavenumbers above about
1100 cm ™. Despite these apparent orientational effects of the
LUB layer, it is clear from the overall intensity of the R6G
spectra from the LUB-SERS sensor relative to that of the bare
sensor that the presence of the LUB brush does not signifi-
cantly inhibit the ability of R6G molecules to access and inter-
act with the AuNPs or reduce the number of interacting R6G
molecules.

SERS measurement of R6G spiked in unprocessed whole blood
using a self-assembled LUB-modified SERS platform

The LUB-SERS sensors were next challenged against undiluted,
whole human blood (stabilized by EDTA). Fig. 3A shows the
SERS spectrum collected from the undiluted blood using the
LUB-SERS sensor. Unlike previously with 150 mM NacCl (see.
Fig. 2), a low intensity background spectrum is observed at a
laser intensity of 25 mW. This background spectrum was
observed to be uniform in terms of the relative peak intensities
across different regions of the sensor surface. The background
spectrum itself was likewise found to be similar to previously
reported blood spectra’*®®* and found to most closely
conform with the normal Raman spectrum for liquid whole
blood."® This background thus arises because the thickness of
the confocal plane (calculated to be 500 nm in this system) is
significantly thicker than the ~100 nm thickness of the LUB
brush. Therefore, the measurement is sampling a non-trivial
volume of unseparated blood lying outside of the LUB brush;
however, because the LUB prevents macromolecular com-
ponents of the blood from accessing the embedded AuNPs,
the intensity of the background remains low.

The low intensity and relatively uniform background
observed in undiluted whole blood with the LUB-SERS sensor
is in sharp contrast with that observed using a bare-SERS
sensor in whole blood after normalizing the spectral intensi-
ties of LUB-SERS only in blood, 10™* M R6G in 150 mM NaCl
or blood with bare-SERS against laser power (see Fig. 3B and
S1A in ESIf). The background spectrum observed in blood
using the bare SERS sensor in the absence of protection by the
anti-fouling LUB brush is significantly higher in intensity and,
highly non-uniform (compare Fig. 3B, S1A, and S1BY), chan-
ging (by approximately 10x) both in the intensity, number, and

This journal is © The Royal Society of Chemistry 2024
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position of observed peaks at different positions on the sensor
surface. This non-uniformity and high intensity of the back-
ground is the product of severe and uncontrolled fouling of
the sensor surface by blood cells, proteins, and both large and
small molecule constituents of the blood. This fouling is so
severe, that when the same measurement is repeated (with a
new bare-SERS sensor) using blood ‘spiked’ with R6G to a con-
centration of 10™* M, no spectral peaks can be measured at
any position on the bare sensor surface that can be attributed
to or correlated with R6G. The lack of correlation can be seen
by comparing the R6G spectra collected in 150 mM NaCl (see
Fig. 2) with those collected in blood shown in Fig. 3B and
Fig. S1A,t using bare-SERS.

To assess the ability of the LUB brush to prevent sensor
surface fouling by blood and resolve the SERS spectral signal
of R6G, the R6G spiked blood was pipetted onto a LUB-SERS
sensor surface and the SERS spectrum was collected using
laser powers of 5 mW and 25 mW (see Fig. 3C). The higher
laser power was used to provide similar spectral intensities to
aid visual comparison purposes and there was no indication of
thermal damage observed. Although the overall intensity of
the SERS spectrum is greatly reduced compared with previous
spectra collected for R6G in clean 150 mM NaCl, a conse-
quence of the turbidity and high light scattering of the whole
blood and/or the reduction in ‘free’ R6G concentration due to
binding with blood proteins and cell surfaces,*®” the SERS
spectrum of R6G is clearly resolved, with few (if any) additional
peaks due to fouling. Importantly, the same R6G spectrum,
although varying slightly in relative peak intensity as discussed
in the previous report,®® was observed at all sampling positions
on the LUB-SERS sensor surface. The strong correlation
between the R6G spectra collected in spiked whole blood and
in clean 150 mM NaCl, in which the concentration of R6G was
107* M, is seen in the high similarities of the intensity normal-
ized spectra (see Fig. 3D). Increasing the laser power to 25 mW
to compensate for the intensity loss due to blood scattering/
turbidity enhances the R6G intensity and shows that the low
intensity background observed for blood (see Fig. 3A) does not
significantly distort the peak intensities or introduce signifi-
cant numbers of extraneous peaks. Again, comparing the
intensity of normalized R6G spectra collected in clean 150 mM
NaCl and in undiluted whole blood confirms the LUB anti-
fouling layer’s ability to separate the R6G molecules from the
complex blood matrix enabling its SERS detection.

Calibration of R6G spiked in unprocessed whole blood with
LUB-SERS

Finally, in order to ascertain the proportionality of the R6G
peak intensities to the concentration of R6G and assess the
obtainable limit of R6G detection in undiluted whole blood, a
calibration curve was generated using a serial dilution (with
additional whole blood) until no further peaks originating
from the R6G could be detected. Fig. 4A shows representative
spectra collected over the serial dilution of R6G spiked in
blood from an initial concentration of 107 M to 10™% M after
subtracting the background SERS spectrum collected with the
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LUB-SERS sensor in unspiked blood (i.e. no R6G). Although it
is clear, particularly at the very low R6G concentrations, that
the background subtraction fails to remove all of the back-
ground signal, a characteristic peak corresponding to only the
R6G scattering was identified at 611 cm™" and used to quantify
the R6G concentration in blood. The relationship between the
611 cm™' peak intensity as a function of R6G concentration is
shown in Fig. 4B and results in a nearly linear correlation over
approximately 4 orders of magnitude before deviating signifi-
cantly below 10~ M (i.e., 100 nM) as the intensity of the R6G
spectrum falls below that of the (normal Raman) blood back-
ground spectrum. While the 611 ¢cm™ peak provided the
highest sensitivity to R6G concentration, the relationship
between the intensity of other spectral peaks to R6G concen-
tration in blood gave similar, although slightly lower quality,
correlations (see Fig. S2B-Df). From the obtained calibration
curve in Fig. 4B, the lowest detectable concentration of R6G in
the undiluted whole blood is thus 1 x 1077 M (100 nM) which
is within a concentration regime associated with many promis-
ing, blood circulating biomarkers. To the best of our knowl-
edge, the detection of such a low concentration of any mole-

68 | Analyst, 2024,149, 63-75

cular component or analyte within whole, undiluted, and
unprocessed blood has never been achieved in any other SERS-
based system. We also note that the dye R6G and related com-
pounds of the Rhodamine family have been shown to bind to
cell surfaces®® and blood proteins such as albumin.®*°”7%7*
The LUB-SERS sensor is sensitive to only the ‘free’ (ie.,
unbound) population of R6G molecules since any protein or
cell-bound R6G would be unable to transit the anti-fouling
LUB layer to interact with the SERS-active AuNPs.”” For this
reason, it is likely that the actual concentration of R6G avail-
able for detection and quantification (i.e. the free fraction) is
much lower than the lowest detectable concentration deter-
mined from the calibration curve which does not discriminate
between the bound and unbound states.

Clinical analyte analysis in complex food matrix with
LUB-SERS

To demonstrate the effectiveness of the same LUB-SERS
optical sensor for detecting a clinical analyte in a highly
fouling environment, cysteine was chosen as the target analyte
and undiluted milk was used as the fouling medium. Similar

This journal is © The Royal Society of Chemistry 2024
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to the detection of R6G in whole blood with the LUB-SERS
sensor, the assessment of cysteine spiked in 150 mM NacCl was
first carried out using bare SERS followed by the LUB-SERS
sensor. Fig. 5A shows the SERS spectra of cysteine in 150 mM
NaCl collected with bare SERS and LUB-SERS sensors. As seen
in Fig. 5A, the SERS spectra collected using the bare SERS and
LUB-SERS substrates both showed strong Raman scattering
with little noise and peak positions consistent with cysteine as
reported in previous studies.”>””” Briefly, the band at about
504 cm™"' is from the stretching vibration of S-S bond of
cysteine, indicating that there were gauche-gauche-gauche di-
sulfide bridges formed between cysteine molecules.”>”® The
peak at about 656 cm™' is from C-S stretching, 838 cm™' is
from HCS bend, 1130 ecm ™" is from C-C stretching, while the
bands at about 1279 cm™, 1319 cm™, and 1345 cm™ are
assigned to CCH bend, HNH bend, and CH, twist,
respectively.”>’* Similar to the differences between R6G SERS
spectra collected by SERS and LUB-SERS, the SERS spectra of
cysteine in 150 mM NaCl collected by bare SERS and
LUB-SERS also showed clear differences in peak intensities. It
has been reported that there are different microstructures
when cysteine molecules interact with gold particles due to the
three rotational conformers of cysteine.”>’* It is also possible
that the orientational influence of the LUB brush on cysteine
contributes to the difference in peak intensities for cysteine
spectra collected with bare SERS or LUB-SERS. Regardless, it is
again clear that the microenvironment of the LUB brush has
an impact on the relative intensities of the SERS peaks, result-
ing in the enhancement and suppression of different peaks in
the spectrum. However, similar to the effect of the LUB brush
on the Raman spectrum of R6G, it is clear that the LUB brush
does not interfere with nor inhibit the binding of cysteine
molecules to the AuNPs.

This journal is © The Royal Society of Chemistry 2024

To accurately detect the cysteine spiked in undiluted milk,
the SERS spectrum of undiluted milk only was measured using
bare SERS and LUB-SERS, as shown in Fig. 5B. There is no
detectable SERS spectrum of undiluted milk at the laser wave-
length and power used on either the bare SERS or the
LUB-SERS. The SERS spectrum of cysteine spiked in undiluted
milk with bare SERS was then collected (Fig. 5B) to investigate
the fouling impact of undiluted milk on the detection of
cysteine with bare SERS. As clearly seen in Fig. 5B, without the
anti-fouling property of the LUB brush, no cysteine spectrum
is measured in milk with the bare SERS even at high concen-
trations (i.e. 10™* M). In the case of the milk, the surface
fouling by proteins, hydrocolloids, and other molecular com-
ponents interferes with and effectively blocks the cystine from
approaching and interacting with the AuNPs and thus from
being detected.

In contrast, the anti-fouling and size-selective properties of
LUB-SERS enables a strong cystine spectrum to be collected in
the undiluted milk containing the spiked cysteine at a concen-
tration of 10™* M, as also seen in Fig. 5B. Similar to the
fouling prevention ability observed when detecting R6G spiked
in unprocessed whole blood, an almost identical cysteine spec-
trum was collected at all positions scanned from the
LUB-SERS in milk as was collected from the LUB-SERS in non-
fouling NaCl solution (see Fig. 5A).

Finally, a series of SERS spectra of cysteine spiked in
undiluted milk were collected using a serial dilution to ascer-
tain the sensitivity of the LUB-SERS sensor. The resulting cali-
bration curve spanning four orders of magnitude of concen-
tration from 107> M to 10® M is shown in Fig. 6A together
with representative SERS spectra collected over the different
concentrations. The characteristic cysteine scattering peak at
1130 cm™" was used to quantify the cysteine concentration in
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undiluted milk. The relationship between peak intensity of the
1130 cm™' band and the concentration of cysteine in
undiluted milk was plottedin Fig. 6B, together with a poly-
nomial fit. From the obtained calibration curve in Fig. 6B, the
lowest detectable concentration of cysteine in the undiluted
milk is 107> M (10 puM).

Conclusions

In conclusion, we demonstrate a proof-of-concept, fouling-
resistant SERS sensor platform enabled by the anti-adhesive

70 | Analyst, 2024, 149, 63-75

and size-selective transport properties of self-assembled LUB
brushes. The ability of the LUB brush to prevent the fouling of
SERS substrates while selectively separating small molecule
analytes from complex media thus enables SERS analysis even
in the most fouling of biological fluids, ie., unprocessed,
undiluted, whole blood, or undiluted milk. The demonstrated
success of detecting analytes in highly fouling environments
and the mitigation of unwanted surface fouling effects strongly
supports the application of this and other LUB-embodied
sensor architectures to other fouling bodily fluids, including
saliva, urine, or tear fluids for the detection and quantification
of analytes such as drugs, toxins, or other clinically relevant

This journal is © The Royal Society of Chemistry 2024
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biomarkers. It is important to highlight that the self-adsorp-
tion of analytes onto the AuNPs does not require any
additional nanoparticle surface modification. Since LUB has
the capacity to self-assemble onto virtually any solid interface,
the methodology and mechanism described in this report
should be easily transferable to any SERS active interface
including 2D-nanomaterials such as graphene-based 2D-nano-
materials, boron nitride, MXene, and MoS,.>%?%?25:28,77,78,78,78
Future work will focus on the development of selective surfaces
using analyte recognition elements such as aptamer-coated
AuNP surfaces or molecularly imprinted polymer-coated sur-
faces.” The sensitivity could be further enhanced by using
larger particles or more enhancing geometries (e.g. noble
nanoparticles modified 2D-materials). Regarding the target
analytes, native components of the blood or other biofluids
will be analyzed by combining selective affinity-based coatings
with the non-selective lubricin anti-fouling coating as a hier-
archical separation system in a layered structure.
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