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Abstract

The cucurbit[n]uril (CB[n]) family of macrocycles are known to bind a variety of small molecules with high affinity.
These motifs thus have promise in an ever-growing list of trace detection methods. Surface-enhanced Raman scattering
(SERS) detection schemes employing CB[n] motifs exhibit increased sensitivity due to selective concentration of
the analyte at the nanoparticle surface, coupled with the ability of CB[n] to facilitate the formation of well-defined
electromagnetic hot spots. Herein, we report a CB[7] SERS assay for quantification of phenylalanine (Phe) and further
demonstrate its utility for detecting peptides with an N-terminal Phe. The CB[7]-guest interaction improves the sensitivity
5-25-fold over direct detection of Phe using citrate-capped silver nanoparticle aggregates, enabling use of a portable
Raman system. We further illustrate detection of insulin via binding of CB[7] to the N-terminal Phe residue on its B-chain,

suggesting a general strategy for detecting Phe-terminated peptides of clinically relevant biomolecules.
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Introduction

The amino acid L-phenylalanine (Phe) is prevalent in human
metabolic pathways and is further hydroxylated into L-tyro-
sine (Tyr) by phenylalanine hydroxylase (PAH) for use in
other metabolic pathways.' Disruption of this process,
such as a mutation in the PAH gene, leads to phenylketon-
uria (PKU) wherein PAH can no longer convert Phe into
Tyr and Phe levels become elevated. This condition causes
toxic levels of Phe to build up in the brain, leading to symp-
toms including declined cognitive ability, loss of motor func-
tion, and seizures.” To properly diagnose PKU, quantitative
measurements of Phe are performed. Current standards
for Phe detection include high-performance liquid chroma-
tography (HPLC) coupled with mass spectrometry (MS)
and HPLC coupled with fluorimetric detection via tagging.®
These methods, however, require expensive instrumenta-
tion and complicated sample modification. Further studies
have explored aptamer-based techniques for Phe capture,
but these rely on expensive surface ligands and do not

provide a characteristic molecular spectrum.*> Also these
aptamer-based detection methods lack versatility, as they
only detect Phe and have not been shown to detect larger
peptides through their Phe-residues.

Insulin, which has an N-terminal Phe residue on its
B-chain, is a peptide hormone integral in glucose regulation
and metabolism with important implications in the diagno-
sis and treatment of diabetes. Various analytical methods
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for insulin detection have been studied including immuno-
assays® and MS;” however, these techniques require expen-
sive and bulky on-site instrumentation. Recent studies in
optical detection methods have been based on surface plas-
mon resonance® and fluorescence resonance energy trans-
fer,” but these methods rely on broad spectral signatures
not specific to the molecular fingerprint of the analyte.
Thus, there remains a need for inexpensive yet specific
detection of insulin and related peptides which would lever-
age field-deployable instrumentation.

Surface-enhanced Raman scattering (SERS) is a robust
analytical technique combining high-sensitivity and vibra-
tional fingerprint analysis with the ability to use inexpensive,
field-deployable instrumentation.'® SERS-based methods
rely on plasmon-supporting noble metal substrates to
greatly enhance weak Raman signals;'' the greatest sur-
face-enhancements are achieved when the molecule is
adsorbed, or in very close proximity, to the nanoparticle
(NP) surface.'” Typically, compounds with surface-seeking
functional groups are advantageous for SERS, as no further
surface modification is needed, yet often analytes of inter-
est lack such functional groups. A variety of methods are
now employed to facilitate SERS detection of analytes with
low surface affinity, including SERS-active tags and surface
affinity strategies.'>'® These techniques rely on mediating
the interactions between the surface and the analyte via a
capture ligand. SERS methods of Phe detection, however,
have mainly relied on direct adsorption of Phe to a noble
metal substrate with no surface ligand.'®'” The use of a
capture agent with Phe affinity should afford enhanced
SERS sensitivity in detecting this analyte.

Cucurbit[n]urils (CB[n]s) are a family of macrocycles
formed by acid-catalyzed condensation polymerization of
n glycoluril monomers.'® These and other macrocycles
serve as host receptors in binding a variety of small mol-
ecule guests within the cavity of the macrocycle, with pos-
sible applications in affinity-mediated binding and
sensing.'”?° CB[n] has particular applicability in SERS tech-
niques as its carbonyl-fringed portal offers affinity for noble
metal surfaces, enabling the macrocycle to lay flat with its
portal exposed; SERS enhancements of up to 10° are thus
afforded through formation of NP hostspots.?' These
enhancements give rise to SERS assays with detection cap-
abilities down to 107" M, with even the single molecule
regime possible.”>?* CB[n] increases SERS sensitivity
through compound capture at the interface, with surface
localization affording increased SERS sensitivity specifically
in detecting molecules without surface-seeking functional
groups.?'** Guest molecules with particularly strong affin-
ity in binding to CB[n] macrocycles have a hydrophobic
motif for inclusion in the cavity adjacent to a cationic
motif to afford ion—dipole interactions with the electro-
negative carbonyl portal.25 The CB[7] variant is particularly
advantageous for SERS detection due to its high water solu-
bility, an ability to encapsulate bulkier guest molecules, and
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typically higher binding affinities relative to other CB[n]
variants and related macrocycles.?*?’

One interesting feature of CB[7] is its demonstrated
high-affinity binding for Phe and related aromatic amino
acids, with affinity (K,) on the order of 10> M~ reported
for CB[7] binding to Phe.?® When this amino acid is pre-
sented on the N-terminus of a peptide or protein and the
free carboxylate is replaced with an amide, binding is fur-
ther increased by an order of magnitude or more.??3 This
feature of CB[7] affinity was shown to enable specific bind-
ing to the N-terminal Phe residue on the B-chain of the
insulin protein,’' a feature which has been used to non-
covalently decorate insulin with prosthetic groups for its
stable formulation.**? The affinity of CB[7] for Phe in both
its amino acid and N-terminal peptide forms, coupled with
CBJ7] binding to Raman-active NP surfaces, affords several
ideal characteristics as a capture-based SERS detection
assay for these specific analytes and proteins.

In this paper, we leverage the affinity of CB[7] to
increase SERS sensitivity of Phe detection and apply this
method to peptides with an N-terminal Phe. Specifically,
we demonstrate the ability of CB[7]-Phe complexation to
increase the SERS limit of detection (LOD) of Phe. This
CB[7]-Phe interaction is further employed to detect
larger Phe-terminated peptides such as insulin. The sensi-
tivity advantages of these CB[7]—-Phe SERS assays, measured
initially on a tabletop instrument, are reproduced using a
handheld Raman device, illustrating the ease with which this
technology may be deployed as a point-of-care assay.
Utilization of CB[7] as a capture agent for Phe and Phe-
terminated peptides thus provides higher sensitivity in SERS
detection with potential applications in the diagnosis and
treatment of PKU and diabetes.

Experimental
Materials

[-Adamantylamine (AdNH,) (Sigma Chemical Co., 98%),
L-phenylalanine (Sigma Chemical Co.), glyoxal (Alfa Aesar,
40% w/w aq. Soln), urea (Acros Organics, 99+%), parafor-
maldehyde (Sigma Aldrich, 95%), sulfuric acid (VWR, 95—
98%), Phe-Val, Phe-Val-Asn, and Phe-Val-Asn-GIn peptides
(GenScript Inc.,, >95%), HCI (Sigma-Aldrich), and IPA
(VWR) were purchased and applied without further purifi-
cation. Insulin (Recombinant Human Insulin, Gibco) was
diluted to | mg/mL using Hank’s Buffered Saline Solution
(VWR). Ultrapure water (18 M-cm) was obtained from a
Millipore Nanopure system (Thermo Fisher Scientific).

CB[7] Synthesis

Briefly, glycoluril monomers were efficiently synthesized in
high yield using previously established methods.** These gly-
coluril monomers underwent acid-catalyzed polymerization
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and cyclization to form a mixture of CB[n] species. CB[6]
and CB[8] impurities were removed through subsequent
rounds of recrystallization in water, yielding purified
CB[7]."® Purity of CB[7] was verified by hydrogen nuclear
magnetic resonance, shown in Figure S| (Supplemental
Material). Structures of the glycoluril monomer and CBJ[7]
macrocycle are presented in Fig. la.

Preparation of SERS Samples

Ag colloids were prepared using the Lee and Miesel
method;*® 91.7 mg of silver nitrate was added to 500 mL
of deionized (DI) H,O and brought to a boil under con-
tinuous stirring. Then 10 mL of 38.69 mM sodium citrate
was added dropwise and left to stir for 20 min. After cool-
ing to room temperature, colloids were diluted to | L with
ultrapure water. Transmission electron microscope (TEM)
images found in Figure S2a show an average diameter of
approximately 40 nm. The colloids were characterized with
an ultraviolet—visible (UV-Vis) spectrometer, presented in
Figure S2b, showing a .. at 404 nm.

A scheme of the CB[7]-Phe sample preparation can be
found in Fig. Ib. CB[7]-Phe and CB[7]-peptide samples for
SERS analysis were prepared in 500 uL of DI H,O with
7.5uL of 10uM CBJ[7], various concentrations of Phe
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(aq), and 6 uL of 0.25M HCI. The resulting mixture is
then vortexed for 60min to ensure complete CB[7]-
guest encapsulation.’”*® One milliliter of Ag colloids was
then added to the CB[7]-Phe solution and vortexed for
10 min, resulting in self-aggregation of AgNPs. SERS meas-
urements of aggregated samples were acquired using both
the tabletop and handheld setups. All acquired SERS and
Raman measurements are non-resonant, as CB[7] and all
analytes tested do not have electronic resonances in the
visible region.

CB[7]-insulin samples were prepared by functionalizing
I mL of AgNP colloids with | pL of | mM CB[7] and vor-
texing for 30 min. Insulin was then added to the CB[7]
capped AgNPs, and lightly stirred as to avoid aggregation
of insulin and allowed to sit for | h. Five microliters of the
sample was then dropped onto a clean glass slide and
allowed to evaporate, leaving behind an aggregation of
AgNPs on the outer edge known as a “coffee ring”.

Non-specific binding experiments using AdNH, and
CB[7] in a I:I ratio were performed using a similar proced-
ure to the CB[7]-Phe assay. A final concentration of 50nM
AdNH,; and CB[7], with 50 uM guest, and 6 pL of 0.25M HCI
was prepared in 500mL of DI H,O. The mixture was
vortexed for 60 min, then | mL of AgNPs was added and
vortexed for 10 min, with self-aggregation observed.

Phe

Ag NP
+
Complex

Figure 1. (a) CB[7] macrocycle shown looking down through the cavity in quasi-3D with the C=0O rim shown pointing inwards

towards the cavity. CB[7] shown as one glycoluril block, and the schematic depiction of CB[7] (left). The molecular structure of Phe and
schematic depiction (right). (b) Schematic of the sample preparation. CB[7] and Phe guest are mixed to make the CB[7]-guest complex.
The complex is then added to AgNP colloids where the CB[7]—guest complex adsorbs via the carbonyl rim to the surface of the AgNP.

Dimensions are not to scale.
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SERS Measurements

SERS spectra were acquired using a custom-built setup
using a 633 nm HeNe laser (Thor Labs). The laser was
focused using an inverted microscope with | mW of
power at the objective (Nikon Ti-U, 20x, NA=0.5).
Backscattered radiation was then passed through a
Rayleigh rejection filter (Semrock) and dispersed with a
spectrometer (Princeton Instruments Acton SP2300,
f=0.3mm [200g/mm). Light was then detected with a
back illuminated, deep depletion CCD (PIXIS Spec-10
Princeton Instruments) and analyzed using Winspec32 soft-
ware (Princeton Instruments) with a typical integration
time of 30s. All spectra are background subtracted and
plotted using IGOR Pro (WaveMetrics).

Portable Raman spectra were obtained using a 785 nm
laser powered CBEx system (Snowy Range Instruments)
which uses orbital raster scanning to sample a large area.
Measurements were taken under 70 mW and 2s of inte-
gration time.

Results and Discussion
Phenylalanine

We first determined the Phe SERS LOD using citrate-
capped AgNPs as a baseline for the CB[7]-Phe assay.
Figure 2a shows 633 nm Raman of Phe, with characteristic
peaks at 1004cm ™' and 1030cm™' corresponding to the
symmetric ring breathing mode and in-plane ring C—H
bending mode, respectively.39 Upon adsorption to AgNPs,
the SERS spectra show a similar signature, with a slight shift
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in the breathing mode to 1002 cm ™' and the bending mode
to 1031 cm™', consistent with literature.*® The following
LOD determinations are based on the following equation:

LOD =3c/m (h
where G is the standard deviation of the blank and m is the
slope of the calibration line. For each analyte concentration,
three samples were prepared, with each sample measured in
triplicate, resulting in nine total spectra which were averaged
to produce one SERS spectrum for each sample. In Figs. 2b,
3b, and 4b, the points represent the mean and error bars
represent the standard deviation of the mean. For analysis,
the Phe peak area of the 1002cm ™' band was chosen, as it is
the most intense in the SERS spectra. Figure 2b displays the
1002cm ™' peak area as a function of Phe concentration,
with the linear response observed in the 400-1200 M
range (r>=0.96). SERS of Phe on AgNP aggregates yields
an LOD of 3545 puM. This value is reasonable compared
to studies under similar conditions.'®*'

Figure | shows a schematic of the CB[7]-guest assay
employed for the CB[7]-Phe SERS experiments.
Formation of the CB[7]-Phe complex induces changes in
the SERS spectra, indicated in Fig. 3a. Characteristic CB[7]
SERS bands appear at 444 em~ ', 833ecm™ !, and 1190em ™',
corresponding to the ring scissor mode, ring deformation
mode, and a combination C-N stretch and C-H deform-
ation mode, respectively.**** As Phe threads the CB[7]
cavity, the intense Phe breathing mode at 1002cm ™' band
shifts slightly in the CB[7]-Phe spectra to 1003cm™". In
order to prove the observed Phe vibrational mode is due
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Figure 2. (a) Raman of Phe (bottom) and SERS of Phe (top). The most intense peaks in the spectra persist with slight shifts from
Raman to SERS from 1004cm™' to 1002cm™" and 1030cm™' to 1031 cm™". The highlight indicates the peak used for quantitative
analysis. (b) Peak area of the 1002 cm™' peak versus the Phe concentration (1tM). Each point represents the average peak area ratio of
three samples with the error bars representing the standard deviation between samples.
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(a) (b) Tabletop SERS
— CBI[7]-AdNH, + Phe ,
—— CB[7]}-Phe 020+ gR*=pgs
0.18 —
Z‘ -
IE g
s &
= ©
s & g o6+
N a
I_U o
E &
=]
4
0.14 —
0.12 -
1 T T T T I T T T T
700 800 900 1000 1100 1200 5 10 15 20 25
Raman Shift (cm”') Phe Concentration (M)

Figure 3. (a) SERS of Phe (bottom), CB[7] (dashed), CB[7]-Phe (middle), and the CB[7]-AdNH, with excess Phe (top). Intensities
of the CB[7] and CB[7]-Phe are normalized to the constant | 190 cm™' mode (¥), whereas the rest are normalized to the most intense
peak. The appearance of the 1003 cm™' peak (highlighted) in the CB[7]-Phe spectra indicates the complexation of Phe inside CB[7].
CB[7]-AdNH, + Phe shows characteristic AANH, SERS peaks at 720 cm™' and 779 cm™~". Since no Phe peak at 1003 cm™' is present,
we can attribute the 1003 cm™' peak in the CB[7]-Phe SERS spectrum to the CB[7]-Phe complex instead of non-specific binding. (b)
Peak area ratio of the 1003 cm™" peak (highlighted) to the 1190 cm™' CB[7] peak (¥) versus the Phe concentration (uM). Each point
represents the average peak area ratio of three samples with the error bars representing the standard deviation between samples.
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Figure 4. (a) SERS of CB[7] (dashed) and the CB[7]-Phe complex (solid) using the portable Raman spectrometer. Intensities are
normalized to the constant 1190 cm™' peak (*). The appearance of the 1003 cm ™' peak (highlighted) in the CB[7]-Phe spectra indicates
the complexation of Phe inside CB[7]. (b) Peak area ratio of the 1003 cm™' Phe peak to the 1190 cm™' CB[7] peak versus the Phe
concentration (1tM). Each point represents the average peak area ratio of three samples with the error bars representing the standard
deviation between samples.
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to a CB[7]-Phe complex instead of free Phe on the AgNP
surface, non-specific binding experiments were performed
using a competition-based method with the high affinity
guest |-adamantylamine (AdNH,). AdNHj is a 3D cycloalk-
ane compound with a CB[7] K, on the order of 10'2M—'#
many orders of magnitude higher than Phe. For reference,
Figure S3 shows SERS spectra of AANH, as well as SERS for
the CB[7]-AdNH, complex, with characteristic CB[7]-
AdNH, peaks at 721 cm™' and 779cm™'. When AdNH,
is present with CB[7] and Phe, virtually all CB[7] should be
complexed with AdNH,, and any observed Phe SERS
response is due to free Phe bound to the AgNP surface.
Figure 3a shows the CB[7]-AdNH, signature while the Phe
peak is absent. Based on these experiments, we can attri-
bute the observed SERS response to a CB[7]-Phe complex
on the AgNP surface.

The presence of sodium cations and alterations in pH
are known environmental mediators of CB[7] amino acid
affinity. Previous studies of CB[7]-amino acid interactions
in aqueous solutions have determined that CB[7]-Phe bind-
ing is optimal at pH 7 or lower, where the amine and carb-
oxylate groups are protonated, thus fostering ion—dipole
interactions with the CB[7] carbonyls.?® Also, Na' has
been shown to decrease CB[7]-Phe binding affinities due
to its competitive complexation with the carbonyl por-
tals.?®* In our sample of AgNPs with CB[7] and Phe, the
pH is 8 and NaBr must be added in order to induce aggre-
gation. Samples prepared in the native pH with NaBr show
no SERS evidence of the CB[7]-Phe interaction. To avoid
Na™ interference and induce AgNP aggregation, the solu-
tion is acidified to pH 6 with HCI, and evidence of the char-
acteristic Phe 1003 cm™' mode appears.

Quantitative SERS measurements of the CB[7]-Phe com-
plex were performed in order to determine the advantage in
SERS sensitivity of CB[7]-guest interaction. In order to
improve accuracy, a ratiometric peak area ratio was
employed, as it has been previously shown to reduce signal
fluctuations while maintaining sensitivity among SERS meth-
ods.'*'>#¢ Across all concentrations of Phe, the 1190cm™"
CB[7] band, which is not attributed to a ring deformation,
was used as a reference peak.*” This peak exhibited less
fluctuations (~5% standard deviation in the peak area) com-
pared to the ring breathing modes (15% standard deviation
in the peak area). Figure 3b plots the Phe to CB[7] peak area
ratio as a function of Phe concentration in the linear range of
5-20uM (r*=098). An expanded concentration range
(Figure S4) shows an equilibrium in CB[7]-Phe binding
around 30uM. This host—guest assay yields an LOD of
7.3+ 1.8uM, providing a ~5 x greater LOD than for the
Phe guest alone. While we do not attempt to quantify the
enhancement factor in this work, this result makes sense, as
CB[7] has been proven to increase SERS enhancements by
many orders of magnitude through forming well-defined hot-
spots.?' These results show the advantage in SERS sensitivity
offered by CB[7]-Phe complexation.
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This host—guest assay can be easily applied to portable
detection through use of a handheld Raman spectrometer.
The CB[7]-Phe assay had similar results to the custom-built
tabletop setup, as seen in Figure 4, with a linear response in
the 5-30 uM range. LOD calculations gave a Phe LOD of
79 £12 M, and a CB[7]-Phe LOD of 3.0 £0.7 uM, repre-
senting a ~25 x improvement in LOD by CB[7] capture. In
this case, the portable Raman system provides a slightly
higher LOD than the tabletop setup for the detection of
Phe alone. This is likely due to the larger sampling area and
high resolution afforded by the raster scanning abilities of
the portable system. The ability to analyze a similar con-
centration range as the tabletop setup shows the CB[7]-
Phe system is largely unaffected by the higher wavelength
laser and lower grating resolution afforded by the portable
instrumentation. The use of a cost-effective portable instru-
mentation establishes the applicability of this assay in field
settings at a relatively inexpensive price.

Phenylalanine-Terminated Peptides

For larger biomolecules, SERS characterization can become
more challenging, as the variety of functional groups can
lead to multiple binding geometries and low surface affinity.
This leads to broadened peaks, inconsistent SERS
responses, and inconsistent aggregation effects.*” In an
attempt to account for the increased steric bulk of insulin,
the first three peptides of the N-terminal B-chain sequence
of insulin were tested with the CB[7] SERS assay. The pep-
tides tested, presented in Fig. 5, are the successive add-
itions of the first four amino acid residues in the
sequence: Phe, valine (Val), asparagine (Asn), and glutamine
(GIn). Namely, Phe-Val (PI), Phe-Val-Asn (P2), and Phe-Val-
Asn-GIn (P3). Raman and SERS of these compounds, seen in
Figure S5, show peaks attributed to the Phe residue at
1003 cm ™' and 1032cm ™', consistent with previous obser-
vations.*® To determine the effect of additional amino acid
residues on the CB[7]-Phe interaction, the peptides were
tested using the same procedure as in the CB[7]-Phe
experiments. Upon CB[7] complexation with the Pl pep-
tide, the 1003 cm™' mode in the SERS spectra persists, as
seen in Fig. 5, confirming threading of the Phe residue inside
the CB[7] cavity. This response was also observed for pep-
tides P2 and P3, an indication that CB[7]-Phe complexation
is unhindered by the additional amino acid residues.
This result aligns with a previous study on the CB[7] inter-
action with the B chain of insulin, in which the Val and Asn
contribute to stabilization of the interaction.?' To further
confirm the CB[7]—peptide interaction on the surface, non-
specific binding experiments were performed with AdNH,
as the competitive guest. SERS spectra found in Figure S6
indicate presence of the CB[7]-AdNH, complex on the
surface, with the 721 cm™' and 779cm™' peaks and no
presence of the 1003 cm ™' Phe mode, indicating a negligible
contribution of non-specific binding. Observation of the
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Figure 5. SERS of CB[7]-peptide complexes and the primary sequence of each peptide from the insulin N-terminus of the B-chain
peptide chain. CB[7] (dashed), CB[7]-P| (bottom), CB[7]-P2 (middle), and CB[7]-P3 (top). Intensities of all spectra are normalized to

the constant 1190 cm™'

complexation through the Phe residue.

1003 cm ™' Phe mode in the CB[7] complex with Phe-term-
inal peptides confirms the CB[7]-Phe SERS assay can be
easily applied to larger peptides.

Insulin

The SERS of a CB[7]-insulin complex was measured in order
to determine if the CB[7]-Phe assay can be extended into
larger Phe-terminated proteins with relevance in point-of-
care detection. SERS of larger macromolecules has proven
difficult as NP-analyte localization is hampered due to sterics
and lower surface affinity. A facile method to overcome this
issue is the widely used drop-cast method,***® which has
been previously used for CB[7]-guest systems.’' The
drop-cast method is shown in Fig. 6a, where AgNP colloids
mixed with an analyte are dropped onto a glass slide and, as
the drop evaporates, the functionalized NPs are concen-
trated at the edge of the drop, forming a coffee ring.
SERS of insulin on AgNPs using the drop-cast method,
seen in Fig. 6b, shows an intense peak at 1002cm ™" attrib-
uted to the Phe residue at the N-terminus, as expected.®>*3
To validate the use of CB[7]-functionalized AgNPs as a viable
method for CB[7]-Phe complexation and detection with the
drop-cast method, Phe itself was first tested. SERS spectra of
the CB[7]-Phe complex can be found in Figure S7, where
spectra are consistent with the AgNP solution-phase aggre-
gation method, indicating this method accurately induces a
CB[7]-Phe interaction on the surface that can be measured

mode (*¥). The appearance of the 1003 cm™' peak (highlighted) in the spectra indicates the CB[7]—peptide

with SERS. When applied to insulin, SERS of the CB[7]-insu-
lin complex follow the same trend as the CB[7]-Phe char-
acteristic peaks, where a Phe peak slightly shifted to
1003cm™' appears, indicative of CB[7]-insulin binding
through the Phe residue, as seen in Fig. 6b. To ensure the
SERS spectrum is showing a CB[7]-insulin complex, non-
specific binding experiments using the competitive guest
AdNH; were performed. Figure 6b shows that when insulin
and AdNH, are introduced to CB[7] functionalized AgNPs,
the characteristic CB[7]-AdNH; SERS peaks appear with no
1003 cm ™' Phe peak present. From this result we can attri-
bute the 1003 cm ™' peak to the Phe residue on the B-chain
of the insulin complexed with the AgNP surface-bound
CB[7]. The CB[7]-Phe interaction provides a consistent sur-
face interaction and characterization through the Phe mode
even for a larger peptide consisting of 51 amino acids.
Further, equilibrium binding affinity between CB[7] and
guest molecules has been observed to decrease when tran-
sitioning from pure water to culture medium with 10% Fetal
Bovine Serum.*® This interference arises from the presence
of sodium salts and soluble amino acids, such as Phe.
However, N-terminal Phe has been shown to outcompete
both mid-chain and monomer aromatic amino acids due to
the CB[7] carbonyl portal coordinating the N-terminal
ammonium group,’' which should still provide selectivity
for insulin binding in biological samples.zg’30 The ability to
detect a larger Phe-terminated peptide through CB[7]-Phe
binding displays the utility of this host—guest assay to enable
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Figure 6. (a) Schematic of the drop-cast method. The yellowish-green hemisphere is a drop of the Ag colloid functionalized with
CB[7]—guest on a glass slide. The drop then evaporates and leaves a coffee ring of the functionalized AgNPs. The black box indicates a
zoom in on the coffee ring aggregation, with a cartoon of the CB[7]-insulin host—guest complex binding through the Phe residue. (b)
SERS of insulin (Ins) (bottom), CB[7] (dashed), CB[7]-Ins (middle), and CB[7]-AdNH, with excess insulin (top). Intensities are
normalized to the 833 cm™' mode. Insulin shows a characteristic peak from Phe at 1002 cm™" (highlighted). The CB[7]-Ins spectrum
shows the Phe peak persists with a slight shift to 1003 cm™'. The non-specific binding experiment with AdNH, shows no SERS peak

attributable to non-specific binding of insulin.

detection of larger peptides and proteins with clinical
relevance.

Conclusion

We present an analytical SERS assay for detection of Phe
and Phe-terminated peptides through complexation with
the CB[7] macrocycle. The CB[7]-Phe assay shows
improvements in SERS sensitivity on tabletop and portable
Raman setups with 5 x and 25 x lower LODs, respectively.
This assay’s utility to detect biologically relevant molecules
is shown by applying the CB[7]-Phe assay to Phe-termi-
nated peptides found in the B-chain of insulin as well as
to insulin itself. Further optimization of this method could
lead to selective quantification of insulin through CB[7]-
Phe residue interaction for clinical diagnosis/treatment of
diabetes. This method could also be extended to the vast
library of metabolites, especially those with N-terminal aro-
matic groups, for increased sensitivity of SERS detection.>
These results show that through simple sample preparation
of CB[7]-functionalized silver nanoparticles, quantitative
SERS detection can be significantly improved and scaled
to larger, clinically relevant proteins.
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