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5.1 Introduction

Almost 40 years after the initial discovery of the SERS phenomenon,*”

spectacular advances in the development of rationally designed metallic
substrates with uniform, reproducible and optimized plasmonic
response’® have played a major role in the final translation of the analytical

potential of SERS to biomedical applications.??***™4

Regarding the last,
infections are of mounting medical and public concern and SERS encoded
nanoparticles offer a ground-breaking advance in bacterial therapy and
research. That advance is due to the substantial improvement with respect
to the current methods for microorganism detection which suffer from
intrinsic limitations related to selectivity, sensitivity, time-consuming
procedures and technological shortcomings. The final aim of this thesis is
the design of a device for multiplex detection of microorganisms in
biological fluids for PJI diagnosis. For this purpose, different batches of
plasmonic particles will be labelled. Each of them will have a different
Raman reporter (characterized by its unique spectroscopic fingerprint and
high Raman cross-section, see section 4) and then functionalized with
specific bioreceptor yielding final SERS-encoded particles (or SERS-tags).”
These bioreceptors (i.e., antibodies) will induce an specific agglutination of
the SERS tags on the target microorganism membrane producing a drastic
increase in the detected SERS signal due to the formation of optical hot-

spots.

In order to achieve this goal and to further select the best nanomaterial
and configuration, in this section polystyrene beads (PS) were used to
emulate bacteria when the SERS tags agglutinate on the microorganism
membrane. To this end, 3 pm diameter PS were homogenously coated
with plasmonic nanoparticles. PS of 3 um diameter were chosen because
their size are similar to that of bacteria. These hybrid materials act as robust
microscopic carriers of large ensembles of interparticle hot-spots
concentrated in their external shell. The tens of thousands of nanoparticles
anchored to the polymeric surface provide, in addition to high SERS activity

via interparticle coupling, a highly averaged plasmonic response that
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ensures great homogeneity within bead-to-bead Raman signal

. 201-203
enhancing.

Thus, average SERS measurements can be performed at a
very low bead concentration in suspension,”® and single-bead analysis on
a solid surface (micro set-up) is very straightforward and simple as the
beads are plainly visible with a 50x objective. For these reasons, PS@NPs
assembled nanostructures are the perfect tool to be used as a bacteria
model. Besides, it is important to stress the extreme experimental flexibility
offered by these supports. In fact, their intrinsic resistance against
aggregation allows for the desired manipulations (i.e. centrifugations,
redispersions, surface functionalization, changes in ionic strengths as well
as solvents etc.) with no risk of perturbation of their SERS response.m’zo“’205
On the other hand, as introduced in section 4, silica coating can be grown
as an additional synthetic step on SERS-encoded NPs to further improve
the colloidal stability for long periods of time and prevent the generation of
hot-spots. However, PS@NPs assembled nanostructures take advantage of
interparticle hot-spots concentrated in their external shell that produce
strong SERS response and allow for single-bead analysis. Hence, silica shell
on NPs is not the best option for the study of these types of nanostructures

and therefore for the bacteria model.

Herein, the correlation between the size of quasi-spherical Au and Ag
nanoparticle in suspension and the final optical property of their
corresponding assemblies onto 3 pm polystyrene (PS) beads is
systematically investigated. Colloids were synthesized via standard wet
chemical methods using citrate as a stabilizing/reducing agent to yield
nanoparticles with a similar surface chemistry (surface properties largely
determine the adhesion of the nanoparticles onto the beads as well as the
affinity of analytes for silver/gold). The SERS activity of each material was
characterized by using thiophenol as a Raman label and some of the most
common excitation wavelengths used nowadays in SERS spectroscopy
(532 nm, 633 nm and 785 nm). The experimental results indicate that the
size and composition of nanoparticles play a key role in tuning the SERS
efficiency of the hybrid material at a given excitation wavelength. This
provides valuable information for the selection of the appropriate SERS

tags for the identification and quantification of bacteria in biological fluids.
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5.2 Experimental section

5.2.1 Materials and methods

Silver nitrate (99.99%, AgNOj3), sodium chloride (=299.99%, NaCl),
trisodium citrate dehydrated (=99.5 %, C4HsNa3;O7-2H,0), L-ascorbic acid
(299.0%, AA), magnesium sulfate (=299.0%, MgSQOy), ethanol (99.5%, EtOH),
benzenethiol (97%, BT), polystyrene beads (3 um diameter, PS), tween 20
(=99.5%, Tween® 20), Gold(lll) chloride trihydrate (99.9 %, HAuCl,;-3H,0),
polystyrenesulfonate (299.0%, MW = 1000000, PSS) and polyethylenimine
branched (=99.5%, Mw = 25000, PEI) were purchased from Sigma-Aldrich.
All reactants were used without further purification. MilliQ water (18 MQ
cm’) was used in all aqueous solutions, and all the glassware and magnetic
stirrers were cleaned with aqua regia and with a potassium hydroxide

solution in isopropanol/water before all the experiments.

5.2.2 Synthesis of silver spherical nanoparticles of

different sizes

To synthesize spherical-like silver nanoparticles (Ag NPs) with average
diameters in the 40 to 120 nm range, a modified protocol based on the

g 129181206

combination of previously reported approaches was use Briefly,
250 mL of Milli Q water were heated under vigorous stirring. A condenser
was used to prevent solvent evaporation. Adequate amounts of aqueous
solutions of C¢HsNaz07-2H,O (0.1 M) and ascorbic acid (0.1 M) were
consecutively added to the boiling water. After 1 minute, an aqueous
solution of AgNOj3 (0.1 M) was injected into the reaction vessel under
vigorous stirring. In some cases MgSO,4 was also used, and the AgNO3 and
the MgSQ, aliquots were first premixed (stock solutions of AgNO3; 0.1 M
and MgSQO, 0.1 M) and incubated at room temperature for 5 min before
injection. The color of the solution quickly changed from colorless to
yellow and gradually changed into orange or pale green depending on the
nanoparticle size. Boiling was continued for 1 h under stirring to ensure the

completeness of the reaction. The size of the Ag nanoparticles was
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controlled by adjusting the concentrations of the different reactants. As a
general trend, the size of Ag NPs increases by adding MgSO, and
increasing its concentration. A similar trend is also observed when the
ascorbic acid or the AgNO3were increased. Table 2 describes the concrete
amount of reactants used in each synthesis whereas Figure 34 illustrates
the histogram of Ag nanoparticle size distribution and representative TEM

images of the dried colloids.

NP Diameter 39.3 48.9 55.6 70.4 92.5 121.4
(nm)
+6.0 +8.7 +4.6 +7.6 +7.7 +17.9
H,O (mL) 250 250 250 250 250 250
CgHsNaszO;-2 2.27 1.70 1.70 1.70 1.70 1.70

H,O 0.1 M (mL)

AAD01M 0.249 0.249 0.249 0.249 0.275 0.30
(mL)

AgNO; 0.1 M 744 744 496 496 2770 2900
(bL)

MgSO,01M |  ——— | = 392 558 | o | e
(bL)
Amax(nm) 400 410 432 440 449 498

Table 2. Detailed amounts of reactants used for each Ag colloids synthesis and the

corresponding surface plasmon resonance maxima.

5.2.3 Synthesis of gold spherical nanoparticles of

different sizes

The Au NPs were synthesized by a modification of the procedure shown
in section 4.2.2. However, for this experiments the Au NPs were provided

by the group of Prof. Victor Puntes. This strategy is shown as follows:

Small gold nanoparticles (Au NPs) of ~15 nm diameter were prepared
according to the Turkevich-Frens preparation method.”®**° Briefly, HAuCl,
trihydrate (15 mg) was dissolved in milli-Q water (150 mL) and heated to
boiling. An aqueous solution of C¢HsNa3;O7-2H,O (1 %, 4.5 mL), previously

warmed to ca. 70-75 °C was then quickly added, and the mixture was
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refluxed for a further 30 minutes until the solution turned ruby red in color.
The solution was then allowed to cool to room temperature under vigorous

stirring for several hours

Large gold nanoparticles of ~55 nm, ~65 nm, ~100 nm and ~165 nm
diameter were prepared by following the previously reported seeded
growth method.’” Briefly, a solution of 2.2 mM sodium citrate in Milli-Q
water (150 mL) was heated with a heating mantle in a 250 mL three-necked
round-bottomed flask for 15 min under vigorous stirring. A condenser was
utilized to prevent the evaporation of the solvent. After boiling had
commenced, 1 mL of HAuCI,; (0.025 M) was injected. The color of the
solution changed from yellow to bluish grey and then to soft pink in 10
min. The resulting particles are coated with negatively charged citrate ions
and hence are well suspended in H,O. Once the synthesis was finished the
solution was cooled down to 90°C and 1 ml of HAuCl, solution (0.025 M)
was injected. After 30 min, 1 ml of HAuCl, solution (0.025 M) was injected
again. After that, the sample was diluted by extracting 50 ml of sample and
adding 45 ml of Milli-Q water and 5 ml of C4HsNazO7-2H,O 60 mM. This
solution was then used as the seed solution (NPs diameter ~8.4 nm). This
growing process was repeated six times to obtain particles of ~55 nm
diameter, seven times to obtain particles of ~65 nm diameter, ten times to
obtain particles of ~100 nm diameter, and thirteen times to obtain particles

of ~165 nm diameter.
5.2.4 Assembly of PS@Au NPs/Ag NPs microbeads

Polystyrene microbeads of 3 pm diameter (0.5 mL of a 100 mg/mL
suspension) were first wrapped with alternating polyelectrolyte monolayers
using the layer-by-layer (LbL) electrostatic self-assembly protocol.?***%*?%
Four alternate layers of opposite charge were deposited: PSS, PEI, PSS,
and, finally, PEl. Polystyrene microbeads (0.5 mL of a 100 mg/mL
suspension) were added to 25 mL of a 2 mg/mL PSS aqueous solution
containing 0.5 M NaCl. After 30 min of sonication and 2 h of agitation the
PS microbeads were extensively washed with Milli-Q water and centrifuged

(5800 rpm, 20 min). The same protocol (concentrations, elapsed times, and
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washing protocol) was carried out for depositing subsequent layers of PEI,
PSS and PEI polyelectrolytes. Finally, the PS beads were redispersed in 10

mL of Milli-Q water (final concentration of 5 mg/mL).

The adsorption of the particles onto the functionalized beads was
carried out by adding 50 pL of PS beads (5 mg/mL) to 20 mL of Ag colloids
([Ag] = 0.15 mM) and 20 mL of Au colloids (0.1 mM). After 15 min of
sonication, the PS@Ag and PS@Au beads were left under gentle shaking
for two hours and then left to deposit overnight. The clear supernatant was
removed and the process was repeated until reaching full bead saturation
(i.e. when the supernatant remained visibly colored). The mixtures were
washed first three times by means of centrifugation (3000 rpm, 30 min) and
then three times by means of decantation with Milli-Q water. The beads
were redispersed in 500 pL of milli-Q water (final PS bead concentration of
0.5 mg/mL).

5.2.5 SERS characterization

SERS characterization of Ag nanoparticles: 500 pL of each colloidal
suspension was passivated by the addition of 30 pL of a 2% w/w aqueous
solution of polyethylene glycol sorbitan monolaurate, a non-ionic
surfactant (Tween® 20). This was done in order to prevent unwanted
aggregation of the particles upon the addition of the Raman probe. Then,
BT was added to a final concentration of 1x10°M and the samples were
left aging overnight. Finally, the samples were centrifuged and redispersed
in 60 pL of milli-Q water. The same functionalization protocol was applied
for Au nanoparticles. However, the final BT concentration in the samples
were 7x10”7 M before the final centrifugation step in this case. The chosen
[NPY/[BT] ratio was carefully selected to afford a sub-monolayer coverage
of the Raman probe on the metal surface. Thus, the SERS performance of
the different colloids can be safely ascribed only to the individual
nanoparticle properties whereas the number of BT molecules investigated
remains constant and the uncontrolled formation of hot-spots in

nanoparticle clusters is avoided.
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SERS characterization of the PS@Ag and PS@Au beads: 100 pL of
PS@Ag and PS@Au (0.5 mg/mL of PS beads) were mixed with 1 mL of an
ethanolic solution of 10 M BT. After 2h aging, the beads were submitted
to one centrifugation/washing cycle with ethanol and two
centrifugation/wash cycles with milli-Q. The samples were finally
redispersed in 100 pL of milli-Q water and investigated by SERS under the
macro condition using a long working distance objective. For micro SERS
measurements, 10 pL of the different samples of coated PS@Ag and
PS@Au beads was deposited on a clean glass slide. Each sample was
prepared at least twice under the same conditions, and at least 15 different

beads were measured for each sample to ensure reproducibility.
5.2.6 Instrumentation

SERS experiments were conducted using a Renishaw InVia Reflex
confocal microscope equipped with a 1200 grooves cm™' grating for the
NIR wavelengths, additional band-pass filter optics, and a CCD camera.
Spectra were acquired using 532 nm, 633 nm and 785 nm laser excitations
either in macro condition by focusing the laser on the sample with a long
working distance objective or in micro set-up by using a 50x objective
(N.A. 0.75). UV-vis spectra were recorded using a Thermo Scientific
Evolution 201 UV-visible spectrophotometer. Environmental scanning
electron microscopy (ESEM) was performed with a JEOL 6400 scanning
electron microscope. Transmission electron microscopy (TEM) was

performed with a JEOL JEM-1011 transmission electron microscope.

5.3 Results and Discussion

The preparation of the polystyrene beads decorated with Ag or Au
nanoparticles (PS@Ag and PS@Au, respectively) was performed via the
layer-by-layer assembly protocol, as previously described.’® Negatively
charged polystyrenesulfonate (PSS) and positively charged branched-
polyethylenimine (PEl) were alternatively deposited onto PS beads of 3 um
diameter to form a final dense external layer of PEL In a second step,

significant excesses of the negatively charged Ag or Au colloids were
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added and left to adhere via electrostatic interaction to the external
positively charged PEl layer of the PS beads, thereby saturating the
microparticle surfaces. Finally, the PS@nanoparticle structures were
extensively washed to remove the unbound nanoparticles. All Ag and Au
colloids were prepared via standard chemical methods using citrate and/or
ascorbic acid as reducing agents and citrate as a stabilizing agent. The use
of surfactants or polymers such as CTAB or PVP with a high affinity to the
metal surfaces were carefully avoided as both of them would have
dramatically altered the surface chemistry of the nanostructures, impacting
their adhesion onto the PS surface as well as the accessibility of the Raman

. 206,210
label to the metallic surface.™
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Figure 34. Histogram of Ag nanoparticle diameters and representative TEM image of the
dried colloids. (A) Ag NPs of 39 nm diameter, (B) Ag NPs of 49 nm diameter, (C) Ag NPs of 56
nm diameter, (D) Ag NPs of 70 nm diameter, (E) Ag NPs of 92 nm diameter and (F) Ag NPs of

121 nm diameter.
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Monodispersed quasi-spherical silver nanoparticles (Ag NPs) with
average diameters of 39 nm, 49 nm, 56 nm, 70 nm, 92 nm and 121 nm
were prepared using a modified protocol based on previously reported

. 129,181,206
strategies.

Figure 34A-F shows representative TEM images of each
colloid together with their size distribution histograms. The size of Ag NPs
was controlled by adjusting the concentrations of the different reactants in
milli-Q water (trisodium citrate, ascorbic acid, silver nitrate and magnesium

sulfate), as reported in Table 2.

Figure 36A shows the normalized extinction spectra of the different Ag
colloids in suspension. The spectra reveal the characteristic localized-
surface plasmon resonances (LSPRs) of spherical silver nanoparticles
centered in the UV spectral range, which progressively shift to the higher
wavelengths and broaden when the average size increases. Thus, starting
from the peak position around 400 nm, typical of the plasmon resonance of
~39 nm Ag NPs, it red-shifts to longer wavelengths, peaking at ~410 nm
for Ag NPs with an average diameter of 49 nm. When Ag NPs size further
increases, the main dipolar resonance band red-shifts and broadens,
peaking at ~432 nm for Ag NPs with an average diameter of ~56 nm.
Above this size, a new peak started to develop at shorter wavelengths, at
~390 nm, characteristic of the quadrupole component of the plasmon
resonance for Ag NPs of 70 nm in diameter, which broadens and red-shifts
to ~400 nm and ~ 412 nm as the the size increases to 92 nm and 121 nm
respectively. This high-order LSPR mode reach a magnitude even higher

211
In

than the dipolar resonance for nanoparticles of 121 nm in diameter.
fact, as the nanoparticle size increases, light cannot polarize
homogeneously and the field is no longer uniform throughout the NP,
which results in the phase retardation effect. As a consequence, a red-shift
and broadening of the dipolar resonance is observed in the larger particles

along with the appearance of higher-order modes.”****.

The Raman enhancing ability of the different monodispersed colloidal
suspensions was evaluated by adding BT as a Raman probe. BT is
commonly used as a molecular probe for characterizing the SERS

properties of plasmonic substrates. On the other hand, this is because its -
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SH group shows a very high affinity toward noble metal surfaces, which
leads to the formation of covalent sulfur-metal bonds. On the other hand,
BT has also a high Raman cross-section and so provides intense SERS
signals with a well-defined vibrational fingerprint. Previous to the addition
of BT, the colloids were passivated with Tween 20, a nonionic surfactant.
Differently to surfactants such as CTAB or PVP, Tween 20 simply
physisorbes on the metallic surface to provide an effective steric protection
that prevents the uncontrolled formation of nanoparticle clusters due to the

214,215
For a

adsorption of BT molecules perturbing colloidal stability.
meaningful comparison of the enhancing performance of colloids with
different nanoparticle size and concentration (i.e. different silver surface
areas available for BT adhesion), a fixed amount of Raman label was added
to provide sub-monolayer coverage for the all investigated samples rather
than saturating the metallic surfaces. In this way, the number of molecules
contributing to the vibrational spectra is constant and, thus, to a first
approximation the final SERS intensity is solely associated to the Raman
signal enhancing properties of the different nanoparticles in suspension.
The validity of this approximation also lies in the fact that the field
enhancement over nanoparticles of spherical geometry shows relatively
good uniformity.”* Figure 36B illustrates the characteristic SERS spectra of
BT on Ag colloids acquired at 532 nm, 633 nm and 785 nm excitation,
respectively. The spectra are dominated by the intense ring breathing
bands at ca. 999, 1023 and 1073 cm™' (the last one coupled with vCS) and

the CC stretching vibrations at ca. 1574 cm™'.**

The comparison of the
different SERS efficiency provided by the Ag colloids is reported in Figure
36C. It is where the intensity of the BT band at 1073 cm™' is plotted against
the average nanoparticle size. It is known that for individual quasi-spherical
nanoparticles, there is a qualitative connection between extinction and
SERS enhancement’™ (whereas no correlation is observed for

plasmonically interacting objects™”**®).

For Ag nanospheres, the most
intense electromagnetic fields occur when laser excitation is centered at
the LSPR maxima, even though the long tail distribution of the SERS
enhancements allows to obtain large signal intensification in spectral

regions where the plasmon resonances are very weak.211217 Thus, the red-
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shift of the LSPRs maxima of Ag colloids toward the spectral position of the
excitation sources by increasing the nanoparticle sizes is expected to
improve the interaction of the external field with the plasmon resonances.
On the other hand, LSPRs significantly broaden due to radiation losses

> Therefore, the

when the NP size is increased above ca. 50 nm diameter.
optimal nanoparticle size that maximizes SERS enhancement is a
compromise between these two opposite factors and depends, among
others elements, on the excitation wavelength. This is clearly shown by the
experimental data illustrated in Figure 36C which highlights how the
optimum nanoparticle size approximately increases as the excitation
source is shifted to longer wavelength, from 532 nm to 633 nm and finally

to 785 nm.
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Figure 35. Histogram of Au nanoparticle diameters and representative TEM image of the
dried colloids. (A) Au NPs of 55 nm diameter, (B) Au NPs of 65 nm diameter, (C) Au NPs of 100

nm diameter and (D) Au NPs of 165 nm diameter.

Highly  monodispersed quasi-spherical citrate-stabilized  gold
nanoparticles of different average sizes (15, 55, 65, 100 and 165 nm) were
produced following a seeded growth strategy based on the classical

Turkevich/Frens reaction (Figure 35).*” The normalized extinction spectra
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of the corresponding colloidal suspensions are illustrated in Figure 37A,
where the characteristic red-shift and broadening of the LSPR for larger

. . . 211
nanoparticle diameters is observed.

Differently to silver, quadrupolar resonance modes are only observed
for a particle size above 100 nm,* as clearly revealed by the shoulder at
shorter wavelengths appearing in the 165 nm gold colloids. Figure 37B
shows the SERS spectra of BT on the Au (55nm) NPs suspensions upon
excitation with 633 nm and 785 nm lasers. Due to the large optical

' no distinguishable

absorption of gold at shorter wavelengths (< 600 nm),
SERS signal can be collected when illuminating gold nanoparticles with the
532 nm excitation source. As for silver nanoparticles, the Raman signal
enhancing ability of the different monodispersed colloidal suspensions was
evaluated by adding a sub-monolayer amount of BT molecules in the
presence of Tween 20 as a stabilizing agent. The normalized SERS
intensities of the ring breathing band at 1073 cm™ are plotted against the
average nanoparticle size in Figure 37C. It shows a marked increase in
SERS activity upon enlarging the nanoparticle diameter up to a maximum
of around 100 nm. This is consistent with previous experimental

183,219 . . . . .
In fact, incrementing nanoparticle size causes a red-shift of the

studies.
LSPR, whose maximum is tuned closer to the wavelengths of the excitation
sources. However, for sizes larger than ca. 100 nm, the radiation damping
becomes dominant,?** significantly reducing the electromagnetic fields at
the metallic surface. It can be observed by the poor enhancing

performance of the 165 nm gold nanoparticles.
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Figure 36. (A) Normalized extinction spectra of Ag colloids. (B) SERS spectra of BT on
Ag(56nm) NPs colloids at 532 nm, 633 nm and 785 nm. (C) Normalized SERS intensities of the
BT band at 1073 cm™ on silver colloids at 532 nm, 633 nm and 785 nm for different

nanoparticle sizes.
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Figure 37. (A) Normalized extinction spectra of Au colloids. (B) SERS spectra of BT on
Au(55nm) NPs colloids at 633 nm and 785 nm. (C) Normalized SERS intensities of the BT band

at 1073 cm™ on gold colloids at 633 nm and 785 nm for different nanoparticle sizes.
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Silver and gold nanoparticles were then assembled onto the PS beads
until surface saturation (Figure 38 and Figure 39). As a result, plasmonic
coupling of the interacting metallic nanoparticles on the bead surface
leads to a reshaping of the extinction spectra as well as alteration of the

nanoparticle size-dependent pattern of the SERS response.’”

The extinction spectra of the PS@Ag beads in suspension are shown in
Figure 38A. First of all, it is important to notice how the PS core contributes
to the overall spectra with a large scattering background that is
characterized by a well-defined band centered at ca. 470 nm and a long
tail at the longer wavelength. Nonetheless, it is possible to recognize two
new contributions in the extinction profile of PS@Ag. There is one blue-
shifted with respect to the PS feature at 470 nm and a second broader one
in the ca. 500-580 nm range. The latter can be ascribed to the dipolar
coupling between individual nanoparticle dipolar LSPRs whereas the
resonances appearing at shorter wavelengths may be due to the poor/null
plasmonically interacting single nanoparticles and/or the high-order

interactions between single-sphere dipolar LSPRs.*"*

Similarly, the plasmonic interaction between closely spaced gold
nanoparticles is revealed by the change of the extinction spectra (Figure
39). A significant red-shift of the plasmon resonances is observed,
overlapping the large scattering background of the PS cores, as compared
to the original LSPRs of the monodispersed colloids. It is worth noting that
the PS@Au(165nm)suspension retains a significant number of unbound Au
nanoparticles which were not possible to remove efficiently through the
normal sedimentation protocol as for the other samples. This difficulty
arises from the fact that the colloidal solution of large Au NPs naturally
settles due to the gravitational force. Thus, the UV-Vis spectrum of
PS@Au(165nm)may be significantly biased by the contribution of free gold

nanoparticles.
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Figure 38. (A) Extinction spectra of PS@Ag composite materials in suspension (normalized and

tym

stacked). (B) Representative TEM images of PS@Ag beads.
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II PS@Au beads

Average NP size (nm)
— PS§

15
— 55
— 65
— 100
— 165

T T T
400 500 600 700 800
Wavelength (nm)

PS@Au(s5nm)

PS@Au(100nm)

PS@Au(165nm)

1 um

Figure 39. (A) Extinction spectra of PS@Au composite materials in suspension (normalized and
stacked). (B) Representative TEM images of PS@Au beads.
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Further on, the size-dependent profile at different excitation
wavelengths of the normalized SERS intensity of PS@Ag and PS@Au
samples (Figure 41A and B, respectively) was investigated. The illustrated
data were obtained by averaging the SERS response of the beads in
suspension that was investigated with a long working distance objective
(macro set-up) and 15 different beads dried on a glass slide using a 50x
objective (micro set-up). This averaging process was performed to
minimize the contribution to the final results of experimental uncertainties
associated with, for instance, the exact bead concentration in suspension
after several centrifugations/washing cycles, the focusing of the laser spot
on each beads etc. The SERS activity of the PS@Ag beads was tested by
measuring the signal intensity of the BT band at 1073 cm’". In this case, the
beads were fully saturated with the Raman label by exposing them to an
excess BT in an ethanolic solution which implies that the number of BT
molecules yielding the final SERS spectra differs from sample to sample.
Thus, the results in terms of SERS intensities per 1 nm? of metallic surface
available on the PS coated-bead were expressed to correct such variations.
This estimation was performed by assuming a full monolayer coating of
metallic nanoparticles on top of the PS surface. The results illustrated in
Figure 41A highlight a drastic change in the size-dependent SERS
performance of Ag nanoparticles when assembled on the surface beads as
compared to their individual condition in suspension (Figure 36C). For
green laser excitation, SERS activity decreases with the increase of
nanoparticle size, whereas SERS performance reaches a maximum for Ag
nanoparticles of 56 nmand ca. 56-70 nm, respectively, in the case of 633
nm and 785 nm. On the other hand, the averaged and normalized SERS
values obtained for PS@Au composites are reported against the average
nanoparticle diameter in Figure 41B. At both excitation wavelengths, the
enhancing performance of the composite materials decreases according to
the following order: PS@Au(55nm) > PS@Au(65nm) >> PS@Au(15nm) >
PS@Au(100nm) > PS@Au(165nm).

104



SERS Optimization using Polystyrene Beads as a Bacteria Model: The effect of
Material and Nanoparticle size

PS@Ag(56nm)

PS@Ag(121nm)

Figure 40. Representative ESEM images of PS@Ag composite beads.

Finally, in Figure 41C the relative SERS efficiency of PS@Auss and
PS@Ag(56nm) at the different excitation wavelengths was compared. A
silver-based composite provides a much more efficient SERS substrate for
shorter wavelengths whereas the enhancement performances of PS@Auss
beads become very similar to those of PS@Ag(56nm) at 785 nm. This is
associated with the generation of interparticle gap-associated resonances,
the most important ones for SERS, which are shifted beyond 600 nm. It is
where the optical absorption of gold is low and both metals (Ag and Au)

P 211
behave similarly.
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Figure 41. (A) Normalized SERS intensities of the BT band at 1073 cm’ on PS@Ag at 532 nm,
633 nm and 785 nm respectively for different nanoparticle sizes. (B) Normalized SERS
intensities of the BT band at 1073 cm™ on PS@Au at 532 nm, 633 nm and 785 nm respectively
for different nanoparticle size. (C) Relative SERS efficiency of PS@Au(55nm) and PS@Ag(56nm)

at the three excitation wavelengths. In this case, for a specific excitation wavelength, the SERS

measurements were performed under the same experimental conditions for both
PS@Ag(56nm) and PS@Au(55nm). Subsequently, the recorded BT SERS intensities (peak

height at 1073 cm™") were normalized to the maximum value.
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5.4 Conclusions

In summary, a thorough investigation of the correlation between the
size of quasi-spherical Ag and Au nanoparticles and the SERS efficiency of
the corresponding composite hybrid materials was performed. These
hybrid materials comprise a polystyrene micro-core and a dense external
layer of interacting nanoparticles and were used as a bacteria model to
simulate the SERS signal when a conjunction of SERS tags specifically
agglutinate onto microorganism’s membrane. Thiophenol was selected as
an efficient Raman label for the SERS study. The results show how the
enhancing ability of the PS@Ag/Au substrates are strongly determined by
the size (and composition) of the individual nanoparticles, and the
dependency on the selected excitation wavelength. In the case of PS@Ag
composite microparticles, silver nanoparticles of ca. 39 nm, 56 nm and 56-
70 nm yielded the most efficient substrates at the three investigated
excitation wavelengths (532 nm, 633 nm and 785 nm, respectively). On the
other hand, for PS@Au, gold nanoparticles of ca. 55 nm diameter resulted
in the best choice for all laser sources. Relative to the nanoparticle
composition, silver-based hybrid beads generated the most intense SERS
signals when illuminated with the 532 nm and 633 nm lasers, whereas the
SERS performances of PS@Au(55nm) and PS@Ag(56-70) are similar under
the 785 nm excitation. Likewise, when adequate SERS tags agglutinate on
the microorganism membrane the SERS signal should be dominated by
the generation of interparticle-gap resonances and, for that reason, the size
of the encoded nanoparticles also plays a key role as it affects to the
number and efficiency of the hot-spots. Therefore, these findings offer
important information for an appropriate selection of optimum SERS tags.
Silver or gold nanospheres of 50-70 nm of diameter are a good start point
for microorganism detection in real samples using a 785 nm excitation

wavelength.
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6.1 Introduction

While the number of joint arthroplasties being implanted has risen and
will continue to do so,* the dynamics of the incidence of PJI are unclear.
Using nation-wide in-patient sample (NIS) data, 2.0% of the total hip
arthroplasties and 2.4% of the total knee arthroplasties become infected.?
However, studies using more precise definitions for PJI have reported that
the use of preoperative antimicrobial prophylaxis and a laminar air-flow
surgical environment has reduced the risk of intraoperative infection to less
than 1.0% after hip and shoulder replacement and to less than 2.0% after
knee replacement.9 On the other hand, other studies have reported an
increasing incidence of PJI in hip and knee arthroplasties.'***® While it is
unclear whether the incidence of PJI per person-joint-years is increasing or
not, the absolute number cases will surely increase due to the increasing
number of primary implantations being performed and the cumulative
number of arthroplasties that remain in place.””* The incidence of PJI may
seem small but it causes great suffering (including death in 3 to 4% of the
cases™) in those affected and has a real impact on the economy of
healthcare systems. The overall cost to the American health care system to
treat PJI was $566 million in 2009 and is projected to reach $1.62 billion in
2020.%°

Besides the obvious economic benefits, a fast, accurate, and
inexpensive diagnostic method thus promises to be a powerful tool for
alleviating human suffering. Microbial culturing is still the most widespread
technique for identifying the infectious agent. Unfortunately it requires 4-
14 days to provide a conclusive diagnosis for common infections.”
Understandably, a great deal of work has been devoted to developing
alternative methods for fast identification of bacteria in suspected patients

222

over the last three decades.”” These methods include immunology-based

approaches (e.g., enzyme-linked immunosorbent assay (ELISA), as well as

% nucleic acid identification (e.g.,

fluorescence and radio immunoassays)
polymerase chain reaction, PCR),*** and, lately, spectrometry-based

procedures (e.g., matrix-assisted laser desorption/ionization-time-of-flight,
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MALDI-TOF, mass spectrometry).”” Although generally faster than just
sequential microbial culture, these techniques still require hours to days,
depending on the pathogen. Additionally, immunological and nucleic-acid
tests are expensive (around $200 each) and monoplex (one test per target
microorganism), while MALDI-TOF still relies on microbial culturing to
isolate pure colonies. As a consequence, a cocktail of broad-spectrum
antibiotics is generally recommended to cover all potential pathogens until
a conclusive identification is obtained. Apart from its inherent cost and
adverse health effects, this indiscriminate use of antibiotics induces
bacterial resistance,”® which is a growing problem in modern

??® In addition to the use of antibiotics, surgical procedures

pharmacopeia.
are also required that include implant removal, spacer placement or
amputation in the worst cases.””” Despite recent advances in the rapid
recognition of bacterial resistance, society clamors for the development of
new diagnostic systems capable of providing fast, accurate, inexpensive,
and if possible multiplexed identification of infectious agents in body fluids
that will yield a rapid and guided treatment that avoids the use of spurious

228,229

drugs.

Recent advances in nanoscience, spectroscopy, magnetism, plasmonics,

224,230-234

and microfluidics have generated great expectations for the

5

development of new approaches to bacteria characterization® and

69,144,236-239

detection. Unfortunately, the methods so far proposed are

generally time consuming and only capable of exploring small sample

. . .. . . 234,240
volumes (~microliters) not relevant to the clinical diagnosis of PJL.="

Moreover, they work exclusively for one a priori selected pathogen,?***
are not truly multiplex,””’ requiring from multiple external labels,” or rely
on additional steps to record a suitable signal for identification.****** This
section reports a microorganism optical detection system (MODS) and
demonstrate exhaustive pathogen identification through the rapid
screening of large volumes of body-fluid (milliliters of blood or serum) for
bacterial content, down to the detection of a single colony forming unit, as
required by standard medical practice for the analysis of biological
samples.”’ Specifically, the detection and quantification of bacteria in real

time and in a multiplexed manner is achieved.
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6.2 Experimental section

6.2.1 Materials and methods

Silver nitrate (99.99%, AgNO3), trisodium citrate dehydrated (=99.5 %,
Ce¢HsNa3O7-2H,0), L-ascorbic acid (299.0%, AA), magnesium sulfate
(=299.0%, MgSQy,), ethanol (99.5%, EtOH), 11-mercaptoundecanoic acid
(95%, MUA), 4-mercaptobenzoic acid (99%, 4MBA), 2-mercaptobenzoic
acid (97%, 2MBA), 3,4-difluorobenzenethiol (96%, DFBT), 2-
(trifluoromethyl)benzenethiol (96%, TFMBT), 1-(4-hydroxyphenyl)-1H-
tetrazole-5-thiol (97%, HPTZT), bovine serum albumin (=98.0% , BSA), N-
(3-dimethylaminopropyl)-N'"-ethylcarbodiimide  hydrochloride  (BioXtra,
EDC), sodium chloride (BioXtra, =299.5%, NaCl), Dulbecco’s phosphate
buffered saline (D8537, DPBS), and human blood (BCR634 FLUKA) were
purchased from Sigma-Aldrich. All reactants were used without further
purification. MilliQ water (18 MQ cm’') was used in all aqueous solutions,
and all the glassware and magnetic stirrers were cleaned with aqua regia
and with a potassium hydroxide solution in isopropanol/water before all

the experiments.

Antibodies selected for this study are the same that those used in the
clinical practice for the immunological methods. Escherichia coli(ab30522,
E. coli) and Streptococcus agalactiae (ab41203, S. agalactiae) antibodies
were purchased from Abcam. Pseudomonas aeruginosa (MA1-83430, P.
aeruginosa) and Staphylococcus aureus (MA1-83467, S. aureus) antibodies
were purchased from Life Technologies. Enriched thioglycollate medium
(221742, BBL) was purchased from BD (Becton, Dickinson and Company)
and Columbia agar + 5% sheep blood plates (43 041) were purchased
from bioMérieux. Bacterial samples were obtained from the Department of

Clinical Microbiology, Hospital Clinic, Barcelona, Spain.
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6.2.2 Synthesis of citrate-stabilized spherical silver

nanoparticles of ~60 nm diameter

Spherical silver nanoparticles (Ag NPs) of approximately 62 nm in
diameter were produced with a combination of previously reported

129,181,206,242

approaches. Briefly, 250 mL of MilliQ water were heated under
vigorous stirring. A condenser was used to prevent solvent evaporation.
Next, aqueous solutions of trisodium citrate (3.41 mL, 0.1 M) and ascorbic
acid (0.25 mL, 0.1 M) were consecutively added into the boiling water.
After 1 min, a premixed aqueous solution containing AgNO3 (0.744 mL, 0.1
M) and MgSO, (0.56 mL 0.1 M), which was previously incubated at room
temperature for 5 min, was rapidly injected into the reaction vessel under
vigorous stirring. The color of the solution quickly changed from colorless
to yellow and then gradually to dark orange. Boiling was continued for 1 h
under stirring to ensure the completeness of the reaction. The silver
concentration of the synthesized particles was 2x107™* M (i.e., ~10"° NPs per
mL).

6.2.3 Mercaptoundecanoic acid functionalization and

codification of silver nanoparticles

After NP synthesis, MUA was used in order to provide colloidal stability
to the Ag NPs during the encoding process and also, to use the carboxylic
functionality for the coupling of the antibodies. Specifically, five aliquots
(25 mL each) of the synthesized Ag NPs were cleaned with centrifugation
(5400 rpm, 30 min) and redispersed via sonication (during 5 min) in a
solution containing MilliQ water (3.27 mL) and EtOH (21.67 ml).
Subsequently, the Ag NPs were functionalized with a small amount of MUA
(2.4 molecules nm™) by rapidly adding a solution containing MUA (24.76
pL, 1.0x10° M in EtOH) and NH,OH (30 pL, 29% aqueous solution) to each
aliquot under vigorous stirring. Agitation was continued for 28 h to assure
the complete MUA functionalization on the silver surface. Finally, the MUA
functionalized Ag NPs aliquots were encoded with five different Raman
labels (1.6 molecules nm? of 4MBA, 2MBA, DFBT, TFMBT, and HPTZT,
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respectively). To this end, 16.51 pL of a 10 M stock solution of the five
different SERS codes were added to the aliquots under strong magnetic
stirring. Once again, stirring was continued for another 28 h. The encoded
Ag NPs solutions were then centrifuged and redispersed twice in MilliQ
water to remove the excess of NH,OH, EtOH, and any unreacted Raman
label prior to antibody coupling. The concentration of NPs was calculated
for each aliquot using the Lambert-Beer law and an extinction coefficient of
7.79x10"° M7 cm™, derived from the literature™® and adjusted to 0.14 nM

for all of them.

Additionally, another aliquot (25 mL) of the synthesized Ag NPs was
cleaned with centrifugation (5400 rpm, 30 min) and redispersed in MilliQ
water (25 mL). The Ag NPs were then functionalized with MUA by adding,
under vigorous stirring, 24.76 L (1.0x10° M in EtOH). Agitation was
continued for 28 h to ensure the complete MUA functionalization on the
silver surface. Finally, Ag NPs were further modified with BSA (41.26 pL,
1.0x10” M in MilliQ water) under magnetic stirring for 24 h, followed by
one cleaning step centrifugation to remove excess BSA and any unreacted
MUA molecules (5400 rpm, 30 min, redispersed in MilliQ water). The

concentration of these NPs was calculated and adjusted to 0.034 nM.
6.2.4 Antibody conjugation to silver nanoparticles

200 pL of DPBS and EDC (39.2 uL, 250 nM in DPBS) were added over
each codified Ag NPs solution (1 mL, 0.14 nM, Raman labels: 4AMBA, 2MBA,
DFBT, TFMBT, and HPTZT), the mixtures were shaken for 5 min at room
temperature, and then the antibodies solutions were added (1.46 pL, ~6.67
WM, E. coli, BSA, P. aeruginosa, S. agalactiae, and S. aureus, respectively).
The resulting mixtures were first shaken for 2 h at room temperature. Then,
they were cleaned twice with centrifugation to remove the excess
unreacted EDC and antibodies (3000 rpm, 10 min), and redispersed in
DPBS/MilliQ water (1:3). The concentration of each Ab-modified Ag NPs
solution was measured and adjusted to 0.14 nM. The resulting NP solutions

were stored at 4 °C.
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6.2.5 Characterization of the nanoparticles

UV-Vis spectroscopy (Lambda 19, PerkinElmer) and transmission
electron microscopy (TEM, JEOL JEM-1011 operating at 100 kV) were used
to characterize the optical response, structure, and size of the nanoparticles
during the functionalization process. To characterize the codification
process, SERS spectra were collected in backscattering geometry with a
Renishaw Invia Reflex system equipped with a 2D-CCD detector. The
spectrograph used a high resolution grating (1200 grooves cm’') with
additional band-pass filter optics. A 785 nm diode laser was focused onto
the colloidal solution ([Ago] = 0.1 mM) with a long-working distance
objective (0.17 NA, working distance 30 mm). The spectra were acquired
with an exposure time of 100 ms (depending on Raman intensity

saturation) and a laser power at the sample of ca. 300 mW.
6.2.6 Bacterial samples

Bacteria were inoculated in enriched thioglycollate medium (BBL),
incubated at 37 °C for 18 h and then diluted with saline solution (NaCl
0.9%). Next, the required amount of bacterial solution, to reach the desired
final concentration, was added into the corresponding fluid, a saline
solution or human blood containing Ab-modified Ag NPs (1 mL of each
encoded particle per mL of sample) and twice as many serum-albumin
protected unlabeled Ag NPs as the total amount of codified Ag NPs. To
verify the final bacterial concentration per sample, several aliquots of each
solution were spread in agar-blood plates and incubated for 24-48 h at 37
°C. After this time, the number of colonies in each plate was counted in
order to calculate their CFU concentration per mL. To further corroborate
the interaction between the Ab-modified Ag NPs with the corresponding
bacteria, equal volumes of Ag NPs (0.14 nM) and bacterial solution (~10°
CFU mL") were mixed, and incubated for 15 min at 37 °C. Small fractions
(10 pL) of these mixtures were deposited on carbon coated copper grids

and the samples were allowed to dry before performing the TEM analysis.
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1 pm 1 ym

Figure 42. Transmission electron microscope images of incubated bacteria (A) E. coli and (B)

S. agalactiae.
6.2.7 Microfluidic device manufacturing

The microfluidic device was fabricated with polydimethylsiloxane
(PDMS) by replica molding using an aluminum master mold. PDMS
(Sylgard 184, Dow Corning) was prepared by mixing pre-polymer and a
curing agent at a standard 10:1 ratio. The mixture was poured onto the
mold, degassed in vacuum, and cured at 80 °C. After one hour, PDMS was
peeled off the mold and the fluidic access holes (inlet and outlet) were
punched. The final device was obtained by bonding the PDMS layer to a
slide cover (130-170 um-thick) after oxygen plasma treatment (100 W, 3%
O, 0.2 mbar, 40 s) (Plasma Flecto 10, Plasma technology GmbH). The
microfluidic device consisted of a single channel with variable dimensions.
The inlet channel had a width of 200 ym and a depth of 100 um, which was
enlarged to 400 pm-width and 2 mm-depth in the outlet channel (i.e., the

optical detection section, see Figure 43).

117



Ultrasensitive multiplex optical quantification of bacteria for PJI diagnosis
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Figure 43. Detailed schematics of the detection region in the millifluidic chipset of Figure 44.
The channel is divided into three sections: an initial narrow section used to increase pressure
and reduce the flow to finely control the fluid discharge with the pump; a second segment of
increasing larger section; and, a third wide segment (0.4 mm width, 2 mm depth), with
suitable dimensions to continuously screen the sample at flow rates of 1.74 mm s”, at a

spectral capture rate of 1.83 mms™.
6.2.8 Measurement system setup

The microfluidic device was placed onto the stage of the system and
appropriately aligned. Inlet and outlet were connected to a syringe and a
waste container, respectively, via 0.8 mm-diameter polytetrafluoroethylene
(PTFE) and 1.1 mm-diameter tygon tubes. The syringe was pre-charged
with the sample and nanoparticles. A standard syringe pump (NE-1000,
New Era Pump Systems, Inc.) was used to push the sample at a flow rate of
1.74 mm s'. SERS measurements were collected with a Renishaw Invia
Reflex. The laser (785 nm, 300 mW) was focused with a macro-objective (6
mm aperture and -18 mm focal distance), providing an efficient spot of 0.5
mm. The scan collection time was set to 270 ms per spectrum to provide an
acquisition speed of 1.83 mm s™', which results in an evaluation speed of
13.3 min per mL of sample, during which 3000 scans are obtained. Data
deconvolution was carried out by principal component analysis and

classical least squares using the Wire 4.1 software from Renishaw.
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6.2.9 Electromagnetic simulations

The simulation of the electric near-field and SERS enhancements in
Figure 56C, Figure 58 were carried out with a fully converged multiple
elastic scattering of multipolar expansions (MESME) method.** In
particular, the SERS enhancement at a given position was approximated as
the product of the field enhancements calculated at that position for
wavelengths corresponding to the incident and emitted light. Each of these
field enhancements was averaged over incidence light directions and
polarizations before multiplying them to yield the SERS enhancement. The
field enhancement of Figure 57 was obtained using the boundary-element
method (BEM).”* The dielectric functions of silver used in these simulations
were taken from tabulated measurements. The media inside and outside
the bacteria were both assumed to have the permittivity of water, £€=1.77.
These calculations were performed by the group of Prof. Javier Garcia de

Abajo.
6.2.10 Simulation of particle attachment

We simulated the process of NP attachment on the membrane of the
targeted bacteria by implementing a Monte Carlo method in which
particles landed on the microbe surface at random spots, following either
randomly oriented trajectories (Figure 47B, and solid curves in Figure 57
left) or approaching it along the surface normal (dashed curves in Figure
57 left). Particles colliding with any previously stuck particle were
disregarded. The probability distribution of random-incidence orientations
was taken to be proportional to sin 6 cos 6 as a function of incidence angle
0 relative to the surface normal, where the cosine function reflects the
average particle flux for a surface tilted by that angle, whereas the sine
function comes from the Jacobian of spherical coordinates. Statistical
analysis of the particle positions produced by these simulations is
necessary to obtain the time-dependent particle density (Figure 56B) and
the distribution of inter-particle gap distances. Each of the results here

5 . .
presented were averaged over 10° simulation runs for a square membrane
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of large side compared with the particle diameter. Opposite sides of the
square were identified (toroidal topology) to minimize edge effects.

Convergence was achieved for a side length ~20 particle diameters.

In the resulting Figure 57 left, the time axis is expressed in units of the
average interval between collisions over an area equal to the unit cell of a
closed-packed arrangement of the NPs (i.e., a time unit is defined as the
average time needed to have one particle colliding for each element of
area equal to 31/2D2/2, where D=60 nm is the particle diameter). For the
sake of readability, the time in Figure 56B is instead normalized to the
average interval separating consecutive particle collisions on an area of
1 um?. Finally, for the comparison with experiment in Figure 56A, the

theory curve is scaled to have 17.3 collisions per second per pm?’, as

predicted by the impingement rate equation. n /%, where n=10" NP/mL

is the particle density (notice that the NP dispersion used to study the
kinetics in Figure 56A was diluted with respect to the cocktail used for
MODS analyses), 7=300 K is the temperature, and M=2.2x10"8 kg is the
NP mass corresponding to 60 nm silver spheres. These calculations were

performed by the group of Prof. Javier Garcia de Abajo.

6.2.11 Simulation of SERS enhancement

produced by particle attachment

The temporal evolution of the SERS signal (Figure 56B) was obtained by
combining the gap-mediated SERS enhancement (Figure 58B) and the
time-dependent particle (Figure 56B) and gap densities. The SERS
enhancement was calculated from the weighted contributions of both the
individual NPs (Figure 58B, dashed lines) and the gaps formed between
them (Figure 58B, solid curves). Incidentally, multiple inter-particle
interactions beyond dimers formed by nearest neighbors have a relatively
weak effect (Figure 56C and Figure 57), which should be further reduced
when averaging over random NP arrangements and light incidence
directions and polarizations. Consequently, the SERS enhancement at the

gaps was approximated by simulating isolated dimers (Figure 58B). For
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simplicity, a zero Raman shift was considered in the simulations (i.e., black
solid curve of Figure 58B). The effect of finite Raman shift was marginal, as
the particles were operating at an off-resonance wavelength =785 nm (see
Figure 58A). Incidentally, the SERS enhancement of Figure 56B is

normalized to the emission from an individual NP.

Simulation of the effective permittivity of the NP coating described as a
metamaterial. In order to quickly assess the effect of the NP coating on the
near-field at the large scale commensurate with the microbe, the NPs were
assimilated to an equivalent homogeneous thin film with an effective
dielectric function calculated in such a way that the film had the same
normal-incidence reflection coefficient as a layer of randomly distributed
particles (i.e., the layer was treated as a metamaterial). The effective
dielectric function was estimated from the dipoles induced per gap and
per particle, as obtained from electromagnetic simulations of the gap-size-
dependent polarizability of NP dimers using MESME. The effective
dielectric function was then expressed as €+(4n/%)B, where g is the sum of
NP and gap polarizabilities normalized per film-surface area, t is the
equivalent film thickness, and €=1.77 is the permittivity of the surrounding
medium (water). The dependence on the choice of t was found to be very
mild, and actually, the results obtained for the near-field distribution
calculated with =10 nm and t=20 nm were nearly indistinguishable on the
scale of Figure 57 right. These calculations were performed by the group

of Prof. Javier Garcia de Abajo.
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6.3 Results and discussion

0 AgNPs-Antibody

. Bacteria

@ Bacteria coated with AgNPs-Antibody

Intensity

PDMS chip

Laser (785 nm) SERSspoctra  Raman shift

Figure 44. Conceptual view of Microorganism optical detection system (MODS) and its
relevant components. (A) Silver nanoparticles are separately labeled with different Raman-
active molecules and functionalized with bacteria-selective antibodies. Then, nanoparticle
dispersion is mixed in a syringe (3 mL) with the sample fluid, possibly infected. (B) The
presence of one of the targeted microorganisms induces aggregation of antibody-matching
NPs on its membrane, rapidly evolving towards full random coverage. (C) The mixture is
circulated through a microfluidic channel with a pump and passing through the focus of a 785
nm laser, which interrogates the sample in real time. (D) Targeted bacteria produce a large
increase in SERS signal, whose spectral fingerprints allow for the identification of the specific

pathogen.

Motivated by the need for an accessible, highly sensitive, and selective
platform for the screening of pathogens in large samples of biological
fluids (i.e., serum or blood) for PJI diagnosis, a detection device as
described in Figure 44 was engineered. As already mentioned in section 5,
this device relies on the use of plasmonic nanoparticles tagged with
Raman-active molecules and functionalized with selective antibodies
yielding final SERS tags. In contrast to previous demonstrations of in vivo
imaging using silica or polymer coated nanoparticles,*” the plasmonic
colloids used in this section are uncoated in order to facilitate their
plasmonic interaction (see section 4.3). In section 5, polystyrene beads
were used as a bacteria model to simulate these plasmonic interactions

when SERS tags specifically agglutinate onto a microorganism membrane
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and we saw that silver nanospheres of 50-70 nm of diameter are good

candidates for this purpose.
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Figure 45. Optical and microscopy characterization of the NPs. Left: Optical extinction of
functionalized Ag NPs in an aqueous solution, showing a prominent plasmon consistent with
the nominal diameter of 62 nm, and indicating that the coating molecules have a minor effect
on the optical response. Right: Representative TEM images of as prepared encoded

nanoparticles.

Hence, for each targeted pathogen receptor, NPs (silver spheres, ~60
nm diameter) with a unique combination of Raman label and selective
antibody were prepared. The NPs produce a relatively weak Raman signal
when they are dispersed in a fluid. In contrast, the presence of one of the
targeted pathogens triggers the accumulation of its partner NPs on the
antigen-carrying membrane of the microorganism, rapidly reaching full
random coverage.’” Multiple gaps between NPs are then formed that act
as optical hot-spots in which Raman scattering is enhanced by several
orders of magnitude relative to the same number of noninteracting
NPg. 752467248 Thg resulting surface-enhanced Raman scattering (SERS)*®
signal is sufficiently intense as to record pathogen-specific inelastic light
spectra (Figure 46A) from the NP-covered bacteria (Figure 46B). By driving

the sample through a millifluidic channel (0.4 mm x 2 mm section, using a
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pump, see Figure 43), where a backscattered detecting laser (785 nm)
continuously monitors the liquid stream (one spectrum every 270 ms over
an illuminated volume of ~0.32 pL), quantification of multiple different
types of bacteria at a rate of 13 minutes per mL of blood or serum was
successfully achieved. Importantly, this method can be readily scaled to
cope with many more pathogens including viruses or eukaryotic cells such
as fungi or protozoa, in a single pass without increasing the sampling time
by simply preparing NPs functionalized with more combinations of Raman

labels and selective antibodies.
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Figure 46. Encoded nanoparticles and their interaction with bacteria. (A) SERS spectra of the
different encoded particles here used for each targeted pathogen, along with their
corresponding labeling molecules. (B) Transmission electron microscope images of the
targeted bacteria (E. coli, P. aeruginosa, S. aureus, and S. agalactiae) coated with their

respective matching NPs.
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To demonstrate bacteria detection, five dispersions of encoded NPs
functionalized with a different thiolated aromatic molecule that yields a
unique Raman spectrum (Figure 46A and Figure 45) were prepared. The
different encoded NPs were subsequently and separately functionalized
with  the corresponding membrane-selective antibody, at low
concentration, for recognition of gram-positive spheroidal coccus
including S. aureus (the most causative microorganism of PJI) and S.
agalactiae, as well as gram negative rod-like bacteria E. coli and P.
aeruginosa were included. The fifth NP dispersion was functionalized with
serum albumin and used as a blank. All five NP dispersions were then
mixed in the syringe (Figure 44) at a concentration of ~10” NPs per mL per
Raman code. It was found to be optimum for yielding fast NP-pathogen
attachment with a minimum background SERS signal of unattached NPs
(Figure 47).

Further, to limit the formation of spurious aggregates in the colloidal
solution, which may lead to false positives, twice as many non-coded BSA-
protected NPs were added to the mixture. As a first demonstration, serum
contaminated with only one of the four aforementioned bacteria was
added to the MODS mixing vessel, and a time series of SERS spectra were
collected as the mixture was circulated through the laser focus (Figure 48A
and Figure 49-52). The majority of the time steps only sampled dispersed
NPs, which produced a weak or none SERS signal. Occasionally, a targeted
CFU traversed the laser focus, giving rise to ~10° higher SERS signal due to
the concentration of particles on the bacterial surface and the subsequent
formation of NP gaps, as discussed above. Then, the correlation of the
recorded spectra with the reference ones was calculated for each of the
Raman codes (Figure 46A), and a clear identification of the added
pathogen was obtained. The experiment was successfully repeated for
samples containing mixtures of two bacteria (Figure 53). Significantly, no
false identifications were observed in any of the analyses (i.e., no signatures
from the bacteria types that were absent from the serum), and no positives
were recorded from blank samples (Figure 48A and Figure 49-52).
Incidentally, a significant dispersion in correlation was observed (i.e.,

absolute SERS intensity per recognition event), which is attributed to the

125



Ultrasensitive multiplex optical quantification of bacteria for PJI diagnosis

size of the detected CFUs, ranging from single cells to larger colonies
(Figure 55). Remarkably, all of the obtained concentrations were consistent
with those found using conventional cell culture. However, there was a

considerably lower standard deviation (Figure 49-52).
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Figure 47. Optimization of the concentration of encoded NPs for background noise reduction.
NP concentration was optimized to reduce the noise produced by the codes of dispersed NPs
against the signal of decorated pathogens in the measurement area of the millifluidic chipset.
SERS spectra of different dispersions of NPs arranged as a function of NP density (p is -logso of
the Ag molar concentration) are shown. A harmless, smooth, nearly constant background was
produced by the chipset material. A SERS signal from the codes (circled features) can be
clearly identified above 10° M in silver, but the spectrum disappears at 10® M. For that
reason, a silver concentration of 107 M (~10" NPs per mL) was used, for which no signal is

achieved even after long acquisition times.

Selectivity and multiplexing of MODS are demonstrated in whole blood
samples by contaminating blood simultaneously with S. aureus, E. coli, and
S. agalactiae in different concentrations ranging from units to tens of CFUs
per mL. It is important to note that blood samples spiked with
microorganisms constitute a good model to emulate bacterial infection in
actual patients. MODS analysis of this sample revealed all three pathogens

(Figure 48A and Figure 54), while a statistical analysis of the results based
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on three runs of the experiment (Figure 48C) determined their respective
concentrations in excellent agreement with cellular cultures (Figure 48B
and Figure 54). Incidentally, positive events varied in the degree of
correlation, as expected from the bacterial diversity (Figure 55). Each
MODS analysis took 13 min, which is a substantial reduction in time
compared with cellular cultures (4-14 days).:LS These results further
demonstrate the ability of MODS to accurately resolve pathogen
concentrations in complex samples infected simultaneously with different
pathogens at very different concentrations in a single pass, as illustrated in
Figure 48 andFigure 54, where E. coli was present in a much lower density

than S. aureus and S. agalactiae.
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Figure 48. MODS performance for contaminated samples. (A) Correlation between a temporal
series of spectra collected over 270 ms intervals and the SERS reference of the labeled NPs.
The analyzed serum samples contain either one pathogen (1-4, see labels) or no pathogen (5,
blank). Series 6 shows the result for a blood sample spiked with a combination of three
different bacteria and concentrations (S. aureus, E. coli, and S. agalactiae). Large correlation
values reveal the passage of an individual bacteria or CFU. (B) Cellular cultures (24-48 hours)
for the microorganism inoculated in the blood samples (series 6). White spots correspond to
CFUs. (C) Comparison of the bacteria concentrations (CFUs per mL) as determined by MODS
(open squares) for the sample contaminated with three pathogens (series 6) versus traditional
cultures (open circles). Averages over three runs of both MODS and culture experiments are

shown by the corresponding solid symbols.
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Figure 49. Results for serum sample spiked with S. aureus at different concentrations. (A) Cellular cultures. (B) Detection and quantification results obtained in the
MODS device, from top to bottom: With no bacteria present, at low pathogen concentration, high concentration, and high concentration but without the
encoded nanoparticle that identifies these bacteria. (C) Statistical comparison of bacteria concentrations (CFUs per mL) as determined by MODS (open squares)
versus traditional cultures (open circles). Averages over three runs of both MODS and culture experiments are shown by the corresponding solid symbols.
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Figure 50. Results for serum sample spiked with S. agalactiae at different concentrations. (A) Cellular cultures. (B) Detection and quantification results obtained in
the MODS device, from top to bottom: With no bacteria present, at low pathogen concentration, high concentration, and high concentration but without the
encoded nanoparticle that identifies these bacteria. (C) Statistical comparison of bacteria concentrations (CFUs per mL) as determined by MODS (open squares)
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Figure 51. Results for serum sample spiked with E. coli at different concentrations. (A) Cellular cultures. (B) Detection and quantification results obtained in the
MODS device, from top to bottom: With no bacteria present, at low pathogen concentration, high concentration, and high concentration but without the
encoded nanoparticle that identifies these bacteria. (C) Statistical comparison of bacteria concentrations (CFUs per mL) as determined by MODS (open squares)
versus traditional cultures (open circles). Averages over three runs of both MODS and culture experiments are shown by the corresponding solid symbols.
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Figure 52. Results for serum sample spiked with P. aeruginosa at different concentrations. (A) Cellular cultures. (B) Detection and quantification results obtained
in the MODS device, from top to bottom: With no bacteria present, at low pathogen concentration, high concentration, and high concentration but without the
encoded nanoparticle that identifies these bacteria. (C) Statistical comparison of bacteria concentrations (CFUs per mL) as determined by MODS (open squares)
versus traditional cultures (open circles). Averages over three runs of both MODS and culture experiments are shown by the corresponding solid symbols.
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Figure 53. Results for serum sample spiked with both E. coliand S. aureus. (A) Cellular cultures for each bacterium (the volume seeded is 1 mL for E. coliand 0.5
mL for S. aureus). (B) Detection and quantification results obtained with MODS. (C) Statistical comparison of bacteria concentrations (CFUs per mL) as determined
by MODS (open squares) versus traditional cultures (open circles). Averages over three runs of both MODS and culture experiments are shown by the

corresponding solid symbols.
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Figure 54. Blood sample spiked with E. coli, S. agalactiae, and S. aureus. (A) Cellular cultures for each bacterium (a volume 0.5 mL for each). (B) Detection and
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quantification results obtained in MODS. A statistical comparison of these results is presented in Figure 56C.
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Figure 55. Biodiversity of E. coli. Left: TEM images of several single or clustered E coli CFU's
coated with nanoparticles. Center: SERS detection results on the millifluidic MODS device for
one of the samples of Figure 51 at low bacterial concentration. Right: Spectra corresponding
to the events highlighted by circles in the previous plot, showing that the degree of
correlation of the SERS spectra of the encoded particles strongly depends on the signal-to-
noise ratio. Consequently, bigger clusters of bacteria give rise to a larger signal and higher

correlation.

The kinetics of functionalized NP aggregation on the pathogen
membrane is a key factor of MODS. As a representative example, after
adding a large concentration of E. coli to the pool of five coded NPs (time
0), three distinct stages are found in the temporal evolution of the resulting
SERS signal (Figure 56A). They are: (1) NP aggregation is initially very slow
due to the relatively infrequent NP-bacteria encounters before sample and
NPs fluids are fully intermixed, yielding just a slow increase in Raman
signal; (2) diffusion eventually brings the NPs closer to the bacteria after ca.
300 s, resulting in more frequent encounters and a faster linear increase in
SERS intensity; (3) the signal eventually reaches a plateau after ca. 700 s,
consistent with previous literature,”” indicating saturated coverage of the
membrane. The latter stage is also affected by signal depletion produced
by flocculation, as the increased weight of NP-covered CFUs pulls them

away from the laser focus.
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Figure 56. Kinetics of sensing enhancement through NP aggregation. (A) Kinetics of NP
aggregation as measured through the time-dependent SERS signal (symbols) after adding E.
colito the mixture of encoded NPs. Solid curve: theory from (B). (B) Simulation of the temporal
evolution of 60 nm Ag NP aggregation on the bacteria membrane produced by random NP-
membrane encounters, resulting in a rapidly growing NP density (right scale) and SERS
intensity (left scale, calculated per pm” of membrane area and normalized to the signal from
an individual NP). The latter is given with (solid curve) and without (broken curve) inclusion of
the effect of NP gap hot-spots. The time is normalized to the average delay interval between
consecutive NP arrivals. The theory curve in A is scaled to 17.3 arrivals per second, as
estimated from kinetic theory (see ESI). (C) Near-electric-field intensity in a rod-like individual
E. coli covered with Ag NPs (top, intensity plotted on the NP surfaces) and detail of the array
(bottom, intensity on a surface passing by the NP centers), revealing the formation of optical
hots-pots. The intensity is averaged over light incidence directions and polarizations, the light

wavelength is 785 nm, and the color scale is saturated to improve visibility.

Insight into these experimental results is provided by a Monte Carlo
simulation of particle sticking (Figure 56B, right scale) that reveals a
characteristic saturation at a NP random coverage ~60% of the maximum
close-packed density.* A large occurrence of NP gaps takes place at high
NP coverage. Although the laser wavelength is far from the NP plasmons

(Figure 45 and Figure 58A), these gaps produce a dramatic enhancement
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in the Raman signal (Figure 58B). Averaging over the gap distribution
(Figure 57), an increase in SERS intensity by 3 orders of magnitude
compared with non-interacting NPs was observed (cf. solid and broken red
curves in Figure 56B, left scale). The signal resulting from positive CFU
encounters was further amplified by the effect of attached NP
accumulation. The modelled temporal evolution of the SERS signal agrees
rather well with the measured kinetics (Figure 56A), without adjustable
parameters other than the time after which the sample and NPs fluids were

considered to be fully intermixed (~500 s).
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Figure 57. Near-field intensity in bacteria covered with nanoparticles. The NP coating was
assimilated to a thin film with an effective dielectric function that is represented in the left plot.
This dielectric function depends on the assumed film thickness (10 nm), but the calculated
near field (right plot) is only mildly dependent on this parameter. The left plot shows that the
dielectric function increases with the normalized time, as a result of the increase in particle
density. Similar to the SERS enhancement (see Figure 56B), the gaps produce a large effect
that create additional polarization that further increases the dielectric function. The near-field
intensity shown on the right density plots is calculated by replacing the NPs with an equivalent
homogeneous film that is conformably covering sphere-like and rod-like microbes,
respectively, with the media inside and outside the film both described as water (€=1.77). The
light wavelength is 785 nm. Based on the results of the left plot, the coating is modelled as a
10 nm thick layer with permittivity equal to 28 + 3i. The intensity is observed to undergo
relatively weak variations due to the coating, and therefore, the bulk of the SERS enhancement

is produced by hot-spots, as shown in Figure 56C.

Particle accumulation, gap formation, and the resulting SERS
enhancement are thus pivotal to obtain intense signals from bacteria
content well above the background of dispersed NPs. In support of this

conclusion, the near-electric-field light intensity at 785 nm wavelength was
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simulated for a rod-like structure mimicking an E. coli specimen (Figure
56C), which reveals large enhancements at the gaps between
neighbouring NPs, accompanied by relatively weak modulations away from

the gaps (Figure 57).
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Figure 58. (A) Optical enhancement in Ag NP dimers. The electric field intensity enhancement
|E/Eext|2 generated by a dimer of silver nanoparticles (60 nm diameter) embedded in water
(€=1.77) can be observed. The intensity is calculated at a distance of 1 nm from the surface of
one of the particles in the gap region. Different surface-to-surface separations d are
considered (see labels). A significant intensity enhancement of several orders of magnitude is
still observable at the off-resonance light wavelength of 785 nm used throughout this work. (B)
SERS enhancement produced by Ag NP dimers in aqueous solution. The increase in the SERS
enhancement factor due to inter-particle interaction (solid curves) compared with the values
for individual particles (dashed lines) as a function of gap distance is also shown. This quantity
is averaged over randomly distributed sampling molecules placed 1 nm outside the metal
surface. An average of over light polarizations and incidence directions is also carried out. The
different Raman shifts under consideration (see labels) produce similar results because the

incident light wavelength (785 nm) is not resonant with the particle plasmons (see A).
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6.4 Conclusions

This work demonstrates the development of an infection diagnostic
device (MODS) that can safely identify and quantify, with a sensitivity down
to the single CFU, the presence of bacterial pathogens in biological fluids,
specifically in serum and blood. The method can screen milliliters of liquid
at a rate close to 0.1 mL/min. Although the concept was only confirmed
with four bacterial agents, the detection method can be expanded to
simultaneously identify many more of them by using the large number of
available spectral codes and selective antibodies. Indeed, in section 4 we
saw a method for the codification of nanoparticles with an extense library
of molecules that shows an intense SERS signal.’®® Additionally, antibodies
used in common clinical practice, such as those developed for
immunology, can be readily incorporated in MODS. Furthermore, although
MODS has been demonstrated here only with bacteria, the method has the
potential to also analyze other microorganisms such as viruses, protozoa,

fungus, and neoplastic cells in body fluids within minutes.

On the other hand, blood is one of the most complex biological fluids
because it has a huge number of components. It can severely affect the
physicochemical properties of the nanoparticles, perturb their colloidal

0

stability,”® as well as suppress the function of the surface biorecognition

elements (antibodies).” Therefore, with the aim to prove the viability of
the system, the microorganism detection optimization was performed
using this medium (the worst case scenario). Accordingly, this detection
method has the potential to be expanded to other biological fluids with

great interest for PJI diagnosis, such as synovial fluid or liquified tissue.

Early diagnosis of PJl is a pressing clinical need. Even though MODS is
not yet capable of discerning in between resistant and non-resistant
microorganisms directly, it provides an accurate diagnosis in very short
time as compared with all other currently available methods. Further,
MODS cannot only guide in the choice of an accurate treatment for a given
patient, but it can also monitor the effect of that treatment on the time

evolution of the infection.
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Late chronic infections in PJI are challenging to predict and typically
caused by microorganisms that grow in biofilms.** Within biofilms,
microorganisms are enclosed in a polymeric matrix, and organized in
complex communities with structural and functional heterogeneity,
resembling multicellular organisms.”” In that case, microbes are protected
from antimicrobial agents and host immune responses. Moreover, bacteria
in biofilms are in a quiescence or dormancy state that may impact in their
correct cell cultiring (producing false negatives). This problematic do not
affect MODS because its methodology are not related with the cell
replication.

With a growing population of patients at risk of developing PJI,*** a

highly sensitive and nonradioactive method for repeated monitoring
should be clinically useful. Thus, joining a list of next-generation
diagnostics (MALDI-TOF, lateral-flow, PCR), MODS aims to build toward
early identification of infectious disease that may result in improved patient

outcomes and decreased treatment toxicities.
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7.1 Introduction

In section 6 a translational alternative based on the use of SERS
encoded plasmonic particles and microfluidics has been proposed for
microorganism detection in biological fluids. In the discussed approach,
the particles form a dense collection of electromagnetic hot-spots on the
surface of the target bacteria allowing for an exponentially increase in SERS
intensity as compared to the signal of free particles in solution.
Quantification is achieved by passing the sample through a microfluidic
device with a collection window where a laser interrogates and classifies
each of the induced bacteria-nanoparticle aggregates in real time. The
method was demonstrated using SERS encoded nanoparticles
functionalized with antibodies as the chemoselective receptor to recognize
bacteria in serum or blood. Although antibodies are an excellent option for
the accurate recognition of specific targets, they are expensive to produce,
delicate to handle, and rather large in size (a factor that limits the formation
of active hot-spots). Over recent years, a new family of biomolecules
(aptamers) has been developed as an efficient alternative to antibodies.
Aptamers display similar or even larger target specificity’ while providing
key advantages in terms of stability, immunogenicity, facility of production,

functionalization and reduced size.

Herein, the efficiency of the encoded nanoparticles upon
funcionalization with either antibodies or aptamers against S. aureus was
tested in order to improve bacteria recognition and quantification using
MODS. S. aureus was choosen as the infectious agent because, apart from
being the most causative microorganism of PJI, it is a common cause of
community-acquired skin and soft tissue infections, osteomyelitis,
endocarditis, pneumonia or bacteremia.”®® In addition, the experiments
were performed in different human real samples (i.e., urine, blood, and
pleural and ascites fluids) with the aim to confirm the colloidal stability and

adequate identification.
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7.2 Experimental section

7.2.1 Materials and methods

Dihydrated trisodium citrate (299.5%, C¢HsNazO;-2H,0), ethanol
absolute (299.9%, EtOH), L-ascorbic acid (=299.0%, AA), 4-mercaptobenzoic
acid (=299%, 4MBA), silver nitrate (299.9999%, AgNQO3), sodium hydroxide
(=98%, NaOH), O-(2-Mercaptoethyl)-O'-(2-carboxyethy) heptaethylene
glycol (295.0%, HS-PEG-CO,H), magnesium sulfate (=98%, MgSO,), N-(3-
dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (BioXtra, EDC),
sodium chloride (BioXtra, 299.5%, NaCl), sodium docecyl sulfate
(BioReagent, SDS), and Dulbecco’s phosphate buffered saline (D8537,
DPBS) were purchased from Sigma-Aldrich (Munich, Germany); 10X TBE
buffer was acquired from Fisher Scientific; and Staphylococcus aureus
antibody (MA1-10708, S. aureus), and thiol-modified Staphylococcus
aureus aptamer”™ were purchased from Life Technologies. All reactants
were used without further purification. Milli-Q water (18 MQ cm™ ') was used
in all aqueous solutions, and all glassware was cleaned with aqua regia
before the experiments. Staphylococcus aureus was supplied by the
Hospital Clinic y Provincial de Barcelona; the aseptic biological fluids (urine,
blood, and pleural and ascites fluids) were supplied by the Hospital
Univesitario Hm Madrid-Torrelodones. Personal and clinical data were
recorded according to standard clinical procedures. All specimens were
obtained with informed consent. The study was approved by the local

Ethics and Clinical Research Committee.

7.2.2 Synthesis of citrate-stabilized spherical silver

nanoparticles of ~60 nm diameter

Spherical silver nanoparticles (Ag NPs) of approximately 56 nm in
diameter were produced by a modification of the previously reported
protocol.”® Briefly, 250 mL of Milli-Q water were heated to reflux under
strong magnetic stirring. Once it boils energetically, a mixture containing
ascorbic acid (250 pL, 0.1 M) and trisodium citrate (1.7 mL, 0.1 M) was
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added. After 1 minute, a solution containing AgNOs3 (496 uL, 0.1 M) and
MgSO, (392 pL, 0.1 M), previously incubated for 5 min at room
temperature, was injected into the reaction vessel under vigorous stirring.
Boiling and stirring were continued during 1 h to ensure the precursors
reduction. During this time, the color of the solution quickly changed from
colorless to yellow, and gradually into dark orange. Finally, NPs were
cleaned with centrifugation (5400 r.p.m., 20 min) and redispersed in Milli-Q
water, to a final [Ago] =5x10" M.

7.2.3 Silver nanoparticles codification and antibody

conjugation

In order to provide colloidal stability to Ag NPs during the encoding
process and antibody conjugation, 15 mL of the as produced spherical
silver nanoparticles were functionalized with a small amount of HS-PEG-
CO3H. To this end, a solution containing HS-PEG-CO,H (7.5 mL, 1.83 uM in
EtOH) and 4MBA (7.5 mL, 5.48 uM in EtOH) was prepared. This solution
was then rapidly added to silver colloids ([Ago] = 5x10™ M) and sonicated
during 30 s (the number of molecules nm™ was 1 for HS-PEG-CO,H and 3
for 4AMBA). Subsequently, NaOH (150 pL, 0.23 M) was added to the mixture
under vigorous stirring and sonicated for 30 s. 1 h later, Ag NPs were
cleaned twice by centrifugation (4.200 r.p.m., 12 min) and redispersed in
Milli-Q water to achieve a final [Ago] =5x10" M. Afterwards, DPBS (200 uL)
and EDC (20.3 pL, 250 nM in DPBS) were added to the colloidal dispersion
(1 mL, [NPs] = 92.8 pM) in order to conjugate the antibody to the
nanoparticles, the mixture was shaken for 5 min at room temperature, and
then the antibody solution was added (0.7 pL, ~7.3 puM). The resulting
mixture was shaken for 2 h at room temperature, then cleaned twice with
centrifugation to remove the excess of unreacted EDC and antibody (3000
rem, 10 min), and redispersed in DPBS/Milli-Q water (1:3). The
concentration of the Ab-modified Ag NPs solution was measured, adjusted
to 18.6 pM ([Ago] = 1x10* M), and the solution was stored at 4 °C.
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7.2.4 Silver nanoparticles codification and aptamer

conjugation

5’-alkyl-thiol-modified S. aureus aptamer (1.5 mL, 3.1 nM) was added to
a 92.8 pM Ag NPs solution (0.5 mL, [Ago] =5x10" M), and the mixture was
shaken overnight at room temperature. Then, 20 pL of 1% SDS and 50 pL
of 10X TBE were added, and the resulting solution was shaken overnight at
room temperature. The following morning, sodium chloride was added 5
times at 1 h intervals to a final concentration of 20, 40, 60, 80, and 100 mM.
At 1 h after the last addition, 2.2 pL of a 100 uM 4MBA solution (0.4
molecules nm’z) were added, and the mixture was shaken overnight at
room temperature. Finally, the NPs were cleaned by centrifugation (3000
r.p.m., 10 min) and redispersed in Milli-Q water. The concentration of the
aptamer-modified Ag NPs solution was measured, adjusted to 18.6 pM

([Ago] =1x10* M), and the solution was stored at 4 °C.

7.2.5 Nanoparticle characterization

UV-vis spectra were recorded using a Thermo Scientific Evolution 201
UV-vis spectrophotometer. The silver concentration for Ag NPs colloids
was calculated with the Lambert—Beer law using an extinction coefficient of
6.61x10"" M™" cm™.®* Electron micrographs were recorded with a
transmission electron microscopy (JEOL JEM-1011 operating at 80 kV) and
an environmental scanning electron microscopy (JEOL 6400) for the
structural characterization of the samples. SERS spectra were collected in
backscattering geometry with an in-house Raman system (Technospex,
Singapur) equipped with a CCD detector and a macrolense. The
spectrograph used a high resolution grating (1200 grooves cm’') with
additional band pass filter optics. Excitation of the sample was carried out
with a 785 nm diode laser line, with acquisition times of 0.4 s and power at

the sample of 500 mW.
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7.2.6 Microfluidic device manufacturing

The microfluidic device was fabricated following the same procedure as
specified in section 6.2.7 (page 117). However, the dimensions of the
microchannel were modified to 600 pm-width, 2 mm-depth, and 50 mm-

length.
7.2.7 Bacterial samples

Bacteria were inoculated in enriched thioglycollate medium (BBL),
incubated at 37 °C for 18 h, and then diluted with saline solution (0.9%
NaCl). Next, the required volume of bacterial solution was diluted into
serum or biological fluids in order to reach the desired final concentration.
Then, the modified Ag NPs, with antibody or aptamer of Staphylococcus
aureus, were added to the bacterial solutions at a concentration of 10 uL
(10'4 M Ago)/mL of sample, in the case serum and 1 mL (2><1O’6 M Ago)/mL
of sample for the biological fluids. To verify the final bacterial concentration
per sample, three replicates of each solution were spread in agar-blood
plates and incubated for 24-48 h at 37 °C. After that time, the number of
colonies in each plate was counted in order to calculate their concentration
of CFUs per mL.

7.2.8 Measurement system setup

The microfluidic device was placed onto the stage of the system and
appropriately aligned. Inlet and outlet were connected to a syringe and a
waste container, respectively, via 0.8 mm-diameter polytetrafluoroethylene
(PTFE) and 1.1 mm-diameter tygon tubes. The syringe was pre-charged
with the sample and nanoparticles. A standard syringe pump (NE-1000,
New Era Pump Systems, Inc.) was used to push the sample at a flow rate of
6 mL/h. The laser (785 nm, 500 mW) was focused with a macrolense
providing an efficient spot of 0.6 mm. The scan collection time was set to
400 ms per spectrum, providing an acquisition speed of 1.5 mm/s (for a
flow speed of 1.48 mm/s), which results in an evaluation speed of 10 min

per mL of sample, during which 1500 scans are obtained. Data
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deconvolution was carried out by principal component analysis and

classical least squares using the Wire 4.1 software.
7.3 Results and discussion
S. aureus Ab, EDC

———,
H.O/DPBS

AgNP-Antibody

Aptamer-functionalized AgNPs

Figure 59. Schematic representation of the nanoparticle SERS encoding and functionalization

with antibodies and aptamers.

Although antibodies and aptamers fulfill the same bio-recognition
function, their chemical nature is significantly different. Thus, two different
protocols were developed for preparing SERS tags for the efficiency
comparison (Figure 59). First, silver nanoparticles were prepared following
a modification of the previously reported protocol in section 6.2.3. In this
case, the obtained silver nanoparticles were stabilized with a small amount
of HS-PEG-CO;H prior to the codification instead of using MUA as the
stabilizing agent. This molecule, like MUA, provides particle stability with
both a long chain (steric repulsion) and a final carboxylic group
(electrostatic repulsion). However, HS-PEG-CO,H has a longer chain than
MUA and therefore provides higher nanoparticle stability (Figure 60A and
B). In contrast to the HS-PEGsg00 (commented on section 4), HS-PEG-CO,H
also allows for an easy diffusion of the Raman labels onto the metallic
surface thanks to his not branched nature. Besides, HS-PEG-CO,H was
used to maximize the SERS signal (Figure 60C) because a less molecular
ratio (1:3) between HS-PEG-CO,H and the encoding agent (4MBA) was
needed to still preserve the colloidal stability of the NPs in saline media.

This stability of the colloidal systems in saline media was monitored by UV-
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Vis-NIR spectroscopy (Figure 60A and B). NaCl concentration for this study
was set to be similar to that of biological fluids like blood and serum. At
[NaCl] = 145 mM the extinction spectra of Ag NPs@HS-PEG-CO,H/4MBA
exhibit the characteristic LSPR of monodisperse spherical silver
nanoparticles in suspension (Figure 60A). On the other hand, a small
shoulder at ca. 600 nm was observed for the Ag NPs synthesized via the
MUA approach, indicating a minor formation of nanoparticle aggregates
(Figure 60B).
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Figure 60. Nanoparticle stability in saline media. (A) Localized surface plasmon resonances of
(blue line) Ag NPs stabilized with 1.0 molecules nm? of HS-PEG-CO,H and encoded with 3.0
molecules of 4MBA in Milli Q water and (red line) Ag NPs stabilized with 1.0 molecules nm? of
HS-PEG-CO,H and encoded with 3.0 molecules of 4MBA in saline media ([NaCl] = 145 mM).
(B) Localized surface plasmon resonances of (yellow line) Ag NPs stabilized with 2.4 molecules
nm~” of MUA and encoded with 1.6 molecules of 4MBA in Milli Q water and (green line) Ag
NPs stabilized with 2.4 molecules nm? of MUA and encoded with 1.6 molecules of 4MBA in
saline media ([NaCl] = 145 mM). All the UV-Vis spectra were acquired 2 h later the NaCl
addition. (C) Comparison of the SERS efficiency of encoded nanoparticle suspensions
synthesized via HS-PEG-CO,H and MUA approaches ([Ag] = 0.1 mM). Ag NPs@HS-PEG-
CO;H/4MBA shows 40.3% more Raman Intensity than Ag NPs@MUA/4MBA.
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Antibody coupling to the nanoparticles was also achieved using EDC as
activating agent to form a peptide bond between the carboxylic group of
the HS-PEG-CO,H and an amine group of the antibody. In the case of the
aptamer functionalized nanoparticles, a 5'-alkyl-thiol-modified S. aureus
aptamer was first self-assembled onto the silver surfaces followed by the
subsequent encoding with 4MBA. The concentration of 4AMBA was set to
be similar to that of the particles functionalized with antibodies. In this case,
no extra stabilizing agents were necessary as the aptamer surface
modification maintains the colloidal integrity of the particles. Figure 61
shows the localized surface plasmon resonance (LSPR), transmission
electron microscopy (TEM) images, and SERS response of the particles
encoded with 4MBA and functionalized with either antibodies or aptamers.
Notably, both optical and physical characteristics of all the materials remain

similar, without appreciable changes in between samples.
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Figure 61. (A) Localized surface plasmon resonances, (B) representative TEM images, and (C)
SERS response of the SERS encoded silver particles as prepared and after functionalization

with either antibodies or aptamers.

To test the efficiency of antibodies vs aptamers functionalization, an

experiment comprising a serum solution spiked with around 7x10°
CFUs/mL of S. aureus (Figure 62A) was designed. This solution was mixed

with the same volume (10 mL, 10¢ M Ago) of SERS encoded Ag NPs, either

uncoated or functionalized with antibodies or aptamers. The resultant
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solutions were passed through MODS (Figure 44). Figure 62B shows the
results for the three materials. The 4MBA ring breathing feature at 1078
cm” was selected as a spectral marker to monitor the SERS intensity. First,
the SERS encoded Ag NPs lack of surface biorecognition elements does
not show any detectable SERS signal. Conversely, both antibody- and
aptamer-functionalized particles yield intense SERS signals that increase
with time up to ca. 800 s, when a plateau is reached. The comparison of
aptamers with antibodies displays, however, notable differences. First,
aptamers exhibit much larger affinity for bacteria than antibodies. Second
the final SERS intensity registered for aptamers (at t = 800 s) is around 40%
greater than that for antibodies. To understand this behavior, samples of
bacteria with nanoparticles were studied with electronic microscopy at
different incubation times (Figure 62C). Att = 0 s, both samples show low
interaction with nanoparticles. At t = 400 s, the number of nanoparticles
retained on the bacteria increases, but to a much larger extent in the case
of aptamers, thus resulting in stronger SERS signals. Such a discrepancy
can be attributed to a larger affinity constant of the overall ensemble of
aptamer molecules bound to the metallic surface as compared with the
antibody. Notwithstanding, aptamers can be easily functionalized/modified
without any loss of their activity and, then, their conjugation on the
nanoparticle surface can be directed to yield a conformation suitable for
their efficient interaction with the target entity. In contrast, the
functionalization of antibodies may affect their biological response and,
further and more importantly, the coupling protocol always leads to a
random orientation of the protein on the nanoparticle surface. As a result, a
portion of the antibody molecules can be coupled through sensitive amino
groups inactivating their binding site (i.e., paratope).” Finally, at t = 800 s,
the TEM images show a similar coating of particles for both aptamers and
antibodies, while aptamer-modified SERS encoded nanoparticles still yield
a remarkable larger SERS intensity. This may be ascribed to the smaller
aptamer size,”® which allows the formation of smaller interparticle gaps at
the bacterial surface, leading to an overall increase of the electromagnetic

energy generated at the hot-spot.
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Figure 62. (A) Results for the bacterial culture of the S. aureus solution (250 ulL, top, and 10 uL,
bottom) used to test the efficiency of the interaction of the Ag NPs functionalized with
antibodies or aptamers. (B) Comparison of the SERS intensity of the band at 1078 cm” (ring
breathing of 4MBA) and (C) TEM images of S. aureus as a function of the incubation time with
the SERS encoded silver particles functionalized with either aptamers (blue) or antibodies

(orange). Scale bar: 1 um.
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Figure 63. Quantification of S. aureus through (A) bacterial culture and (B) the microfluidic
optical system. The number in the bacterial culture images indicates the volume of initial
solution spread in the blood agar plates (x1, 1 mL; x2, 500 ul; x10, 100 uL; and x50, 20 ul).
Conditions for the microfluidic optical device were: flow speed 6 mL/h with acquisition times
of 0.4 s. Y axis represents the similarity of the obtained SERS spectrum of the sample at a
given time with the reference SERS spectrum of 4MBA obtained from a concentrated solution
(10° M Ag®) of 4AMBA encoded nanoparticles. (C) Comparison of the bacteria concentrations
(CFUs per mL) as determined by traditional cultures (open circles) and nanoparticles with
aptamers (open squares) or antibodies (open diamonds). Averages over three cultures or runs

are shown by the corresponding solid symbols.

Figure 63 shows the results obtained for serum samples infected with S.
aureus at different concentrations, either measured with regular bacterial
culture (48 h of incubation, Figure 63A) or via the optical system (Figure

63B). As in the previous case, 10 uL (10 M Ago) of nanoparticles per mL of
the sample were added. After incubating the samples for 15 min, several
milliliters of each solution were passed through the microfluidic optical
device at a flow rate of 6 mL/h. Both, antibody and aptamer functionalized
nanoparticles offer similar results (Figure 63C). When no bacteria were
present, no detectable signal is registered. That is consistent with the

outcome of the bacterial culture analysis. At low or moderate
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concentrations of bacteria, both give rise to slightly larger quantification
than bacterial cultures. This difference is not significant for the clinical
diagnosis, as these values are in the same order of magnitude. In contrast,
the optical-based device showed a continuous positive for high bacteria
concentrations (Figure 63B) and the quantification was underestimated.
That underestimation was probably due to the temporal resolution (1500
scans per sample). A possible solution for this inconvenience is the dilution
of the sample to a bacterial concentration below the temporal resolution.
This problem is also not significant for the clinical diagnosis because this

concentration range is clearly pathological.
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Figure 64. Quantification of S. aureus in different biofluids through (A) bacterial culturing and
(B) our microfluidic optical system. The number in the bacterial culture images indicates the
volume of initial solution spread in the blood agar plates (x4, 250 ulL). Conditions for the
microfluidic optical device were: flow speed 6 mL/h with acquisition times of 0.4 s. The Y axis
represents the similarity of the obtained SERS spectrum of the sample at a given time with the
reference SERS spectrum of 4MBA obtained from a concentrated solution (10° M Ag®) of
4MBA encoded nanoparticles. (C) Comparison of the bacteria concentrations (CFUs per mL)
as determined by traditional cultures (open circles) and nanoparticles with aptamers (open

squares). Averages over three cultures or runs are shown by the corresponding solid symbols.
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Taking into account the results described above, SERS encoded
nanoparticles conjugated with aptamers as optimal substrates were
selected for detecting S. aureus in several relevant human fluids. These
fluids are aseptic in healthy conditions, and infection for most of them (i.e.,
blood, and pleural and ascites fluids) is defined by the presence of just one
CFU per mL. Thus, the biological samples were spiked with a very low
concentration of bacteria. Figure 64 shows the results obtained after
infecting different human fluids with S. aureus. As in the case of serum,
both bacterial culture and the optical system offered similar quantification
results. However, there was a dramatic difference in detection time: 48 h

for the bacterial culture vs 20 min for the microfluidic SERS-based device.
7.4 Conclusions

Herein, the advantages of using aptamers versus antibodies were
demonstrated for the rapid ultrasensitive quantification of S. aureus using a
microfluidic optical device. Interestingly, aptamers exhibit much greater
affinity to bacteria than antibodies. Besides, the final SERS intensity
registered for aptamer funcionalized encoded nanoparticles was also
larger. This may be attributed to the easily funcionalization of the aptamers
onto the metallic surface (without any loss of their activity), yielding a
suitable conformation for an efficient interaction with the target
microorganism. In contrast, the functionalization of antibodies may affect
their biological response due to a random orientation of the protein on the
nanoparticle surface, inactivating the binding site of a portion of

antibodies.

On the other hand, the colloidal stability and the adequate identification
of S. aureus were confirmed in different human real samples (i.e., urine,
blood, and pleural and ascites fluids). In addition, similar approach can be

applied for the determination of other microorganisms.
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8 General conclusions

This work was mainly oriented towards achieving a detection and
quantification method for bacteria in real time and in a multiplexed manner
to improve the diagnosis of PJI. To conclude, the main goals of this work

can be summarized as follows:

1. Highly efficient SERS encoded nanoparticles were obtained
using an inexpensive and scalable synthetic protocol. The
method relied on the functionalization of plasmonic
nanoparticles with a submonolayer of MUA that provided high
colloidal stability and a convenient surface chemistry for further
antibody bioconjugation (using a carmodiimide crosslinking
reaction). In addition, the presented synthetic strategy was
successfully applicable to a wide variety of Raman codes and
outstandingly scalable up to two liters without affecting the final
properties of the encoded structures. The SERS efficiency of the
so-fabricated encoded nanoparticles displayed a performance
from 2 to 140 times greater than the corresponding particles

prepared via the common methods.

2. Polystyrene micro-cores with a dense external layer of
interacting nanoparticles were used as a bacteria model to
simulate the SERS signal when a conjunction of SERS tags
specifically agglutinate on a microorganism’s membrane. In that
situation, the SERS signal is dominated by the generation of
interparticle-gap resonances. The results showed how the
enhancing ability of the hybrid substrates is strongly determined
by the size and composition of the individual nanoparticles, and
the dependency to the selected excitation wavelength. Relative
to the size of the nanoparticles, 50-70 nm in diameter resulted
the best choice for 633 and 785 nm excitation wavelengths. On

the other hand, the SERS performances of silver and gold
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nanoparticles were similar under a 785 nm excitation
wavelength (in the near-infrared spectral window that is
normally used to avoid photochemical damage in biological

samples).

In order to develop a fast, accurate, and inexpensive method
for PJI diagnosis, a device based on antibody-modified
plasmonic nanoparticles, microfluidic channels and SERS
spectroscopy was designed. This device for can safely identify
and quantify, with sensitivity down to the single CFU, the
presence of bacterial pathogens in a wide spectrum of
biological fluids (i.e., urine, blood, and pleural and ascites
fluids). The concept was only confirmed with four bacterial
agents, but the detection method can be expanded to
simultaneously identify more pathogens by using the large
number of available spectral codes and selective antibodies.
Even though MODS is not yet capable of discerning directly in
between resistant and non-resistant microorganisms, it provides
an accurate diagnosis in very short time as compared with all
other currently available methods (i.e., culturing, MALDI-TOF,
PCR, ELISA). Additionally, it can monitor the effect of the

treatment on the time evolution of the infection.

Although antibodies are an excellent option for the accurate
recognition of specific targets, they are delicate to handle and
large in size (a factor that limits the formation of active hot-
spots). In this work, the advantages of using aptamers versus
antibodies were demonstrated for the rapid ultrasensitive
quantification of S. aureus. Aptamers provided key advantages
in terms of stability, immunogenicity, facility of production,
functionalization and reduced size. Accordingly, S. aureus-
modified SERS encoded nanoparticles produced higher SERS
signal than antibody-modified particles when they were

attached to bacteria’s membrane.
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