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Abstract. A point-of-care (PoC) device with the ability to detect biomarkers at low concentrations in bodily fluids
would have an enormous potential for medical diagnostics outside the central laboratory. One method to monitor
analytes at low concentrations is by using surface-enhanced Raman spectroscopy (SERS). In this preliminary
study toward using SERS for PoC biosensing, the surface of colloidal silver (Ag) nanocubes has been modified
to test the feasibility of a competitive binding SERS assay utilizing aptamers against citrulline. Specifically, Ag
nanocubes were functionalized with mercaptobenzoic acid, as well as a heterobifunctional polyethylene glycol
linker that forms an amide bond with the amino acid citrulline. After the functionalization, the nanocubes were
characterized by zeta-potential, transmission electron microscopy images, ultraviolet/visible spectroscopy, and
by SERS. The citrulline aptamers were developed and tested using backscattering interferometry. The data
show that our surface modification method does work and that the functionalized nanoparticles can be detected
using SERS down to a 24.5 picomolar level. Last, we used microscale thermophoresis to show that the aptamers
bind to citrulline with at least a 50 times stronger affinity than other amino acids. © 2017 Society of Photo-Optical

Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.22.7.075002]
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1 Introduction
Point-of-care (PoC) devices are being explored by many groups
as a potential means for cost-effective monitoring and diagnosis
of patient health outside of the centralized laboratory.1–5 The
most common and commercially available PoC device has been
the glucose monitor but, as technology improves, many other
applications, such as testing for HIV, for example, have been
explored in recent years.6–9 For sensitively monitoring blood
biomarkers, one PoC technique being investigated is the incor-
poration of surface-enhanced Raman spectroscopic (SERS) labels
for more sensitive analyte detection.10–12 SERS is a method that
uses a metallic surface or nanoparticle metal colloids to enhance
the inelastic Raman scattering of photons.13–15 By providing
vibrational energy information about molecules adsorbed to the
metal surface, including nanoparticles, and because of the sub-
stantial enhancement factor from the metallic substrate, SERS
can be used for trace analysis.16–22 SERS has the ability to ana-
lyze molecules in the micro- to nanomolar concentration range
with some reports reaching picomolar levels in solution, and
because of their narrow spectral line widths, SERS also has the
potential for multiplexing multiple biomarkers making such
labels a promising analytical approach for biosensing.23

L-Citrulline is an α-amino acid not normally incorporated in
protein but present in free form, e.g., averaging 40 μM concen-
tration in the blood of healthy humans. The majority of circu-
lating citrulline are produced mainly from catabolism of the
amino acid glutamine and arginine, and occur primarily in intes-
tinal mucosa cells. There is a strong relationship between citrul-
line circulating levels and various indices of gut status and
mass status24 (e.g., villous atrophy in small bowel disease). We
and others have established a strong relation between intestinal
epithelial damage detected after myeloma ablative therapy
of humans and experimental irradiation of rats and mice.25–36

Production of citrulline depends almost exclusively on func-
tional intestinal enterocytes, therefore circulating citrulline level
has been established as a reliable biomarker for the clinical
assessment of ionizing radiation damage and gut func-
tion.24,28,29,31,37,27 Plasma citrulline has been also used as a bio-
marker for gut function in critically ill patients.28,29,31,37,38

In addition to the utilization of SERS reporting for detection
of citrulline, DNA-based aptamers have been chosen as a
molecular recognition element against the target analyte.
Aptamers are uniquely suited to detect small molecules, such
as citrulline, since aptamers are DNA- or RNA-based ligands
capable of practically binding any other molecular target. They
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are identified by an in vitro method of selection frequently
referred to as systematic evolution of ligands by exponential
enrichment or “SELEX.”39,40 The process begins with a very
large pool (∼1015 unique sequences) of randomized polynucleo-
tides, which is generally narrowed to just a few aptamer binders
per molecular target. Once multiple (typically 10 to 15) rounds
of SELEX are completed, the aptamer pool is sequenced to iden-
tify candidate affinity reagents (aptamers). Aptamers have been
developed as ligands to important peptides and proteins, rivaling
antibodies in both affinity and specificity.41–44 Aptamers have
also been developed to bind small organic molecules and cellular
toxins,45–49 and even targets as small as heavy metal ions.50–53

An important advantage of aptamers is that they are devel-
oped entirely by in vitromethods, enabling applications where it
is desirable to have pure, relatively inexpensive, affinity reagents
that exhibit no batch-to-batch variation. Aptamers also circum-
vent other challenges encountered with in vivo production as
with antibodies. For example, the immunogenicity of molecules
smaller than a few thousand daltons, such as citrulline, is gen-
erally low, and therefore usually requires the coupling of the
target molecule (a hapten) to a carrier. The coupling position
of the hapten–carrier linkage may significantly affect antibody
specificity, and some hapten conjugates still do not elicit a
sufficient immune response. In addition to their amenability
to targeting of small molecules, aptamers possess several key
advantages over their antibody counterparts.54 They are smaller
in size than antibodies making them entropically more stable
and sterically less bulky. In stark contrast to antibodies, oligo-
nucleotides are made through chemical synthesis, a process that
is well defined, highly reproducible, sequence independent and
can be readily scaled up, and their production does not depend
on bacteria, cell cultures, or animals. Finally, they are much
more stable at ambient temperature than antibodies, yielding
a considerably higher shelf life, and they can tolerate transpor-
tation without any special requirements for cooling.

In order to fabricate and characterize the components of a
future aptamer-SERS biosensor for citrulline, two separate
mechanisms were incorporated for the first time. Ag nanocubes
were functionalized with citrulline molecules in a unique man-
ner, and DNA-based citrulline aptamers were discovered by
SELEX. While RNA aptamers to citrulline have been described
previously by Famulok,55 these aptamers had fairly weak affinity
for the target of ∼60 μM, and negative selection was performed
only against glycine immobilized on agarose. By contrast, here,
we have developed DNA aptamers against citrulline, which are
inherently more stable than RNA-based aptamers, and our
aptamer selection has included counter-screening against a
cocktail of the 20 essential amino acids. In this paper, function-
alized nanoparticles specific for citrulline detection are charac-
terized and novel aptamers are developed specific to citrulline to
enhance the specificity and sensitivity of a future PoC SERS
device.

2 Materials and Methods

2.1 Materials

Heterobifunctional polyethylene glycol (PEG) linker thiol-PEG-
n-hydroxysuccinimide with a 1-kDa molecular weight was pur-
chased from Nanocs (New York). About 200 proof ethanol
(EtOH) was purchased from VWR (Radnor, Pennsylvania).
4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES),
4-mercaptobenzoic acid (MBA), and L-citrulline were purchased

from Fisher Scientific (Hampton, New Hampshire). Citrulline
aptamers were discovered by Base Pair Biotechnologies
(Pearland, Texas; Base Pair). After discovery, aptamers were
synthesized with a 3′-dithiol group and a 5′-Cy5™ fluorophore.

2.2 Particle Characterization

A Zetasizer nano ZS90 (Malvern, United Kingdom) was used to
measure the ζ-potential of the functionalized nanoparticles.
Functionalized nanoparticle samples were put into a Greiner 96
flat bottom transparent well plate and scans were recorded
between 400 and 900 nm. ATecan ultraviolet–visible (UV/VIS)
spectrometer was used to measure the extinction spectra of the
silver nanoparticles. Transmission electron microscope (TEM;
JEOL JEM-2010 TEM) images of the 100-nm silver nanocubes
were collected to show the nanoparticles’ size and morphology.
A nanosight particle tracking system (Nanosight, LM10,
Salisbury, United Kingdom) was used to characterize the silver
nanoparticles’ size distribution. SERS spectra were recorded
using a Thermo Scientific, DXR Raman microscope (Waltham,
Massachusetts) to show the enhancement capabilities of the sil-
ver nanoparticles and find the limit of detection in the micro-
wells. The functionalized nanoparticles were excited using a
24 mW, 780� 0.2 nm, diode laser through a 10× Olympus
microscope objective configured with an 1800 grooves∕mm
grating. The 780-nm laser was chosen with the future biosensor
in mind. Blood, a typical medium for biosensing, has a strong
background fluorescence in the VIS region confounding the
SERS signal. Also, due primarily to water, the absorption of
blood is very high beyond the mid-infrared wavelength region.
Therefore, it is useful to look outside these wavelength regions
in the near-infrared wavelength band in which the background
signal relative to SERS is low. The nanoparticles’ integration
time was 5 s and they were exposed 30 times. The reported
Raman/SERS signal is the average of all 30 scans. To verify
the amide bond between citrulline and PEG, Fourier transform
infrared spectrometry (FTIR) (Moore Analytical, Houston, Texas)
was used. Microscale thermophoresis (MST) data were col-
lected from two bind molecular interactions. Each test was
repeated in triplicate and read twice on a Monolith NT.115 (Pico)
MST instrument (NanoTemper Technologies GmbH, Germany)
via thermophoresis + temperature jump at 80% laser power,
10% LED power at 25°C.

2.3 Nanoparticle Synthesis

The 100-nm edge length silver nanocubes were obtained from
Dr. Hung-Jen Wu’s group within chemical engineering at Texas
A&M University. Their synthesis process is described in detail
in Ref. 56. Briefly, pentanediol was heated in an oil bath with a
magnetic stir bar. After reaching ∼130°C, a silver nitrate solu-
tion followed by a polyvinylpyrrolidone (PVP) solution was
repeatedly injected into the pentanediol solution until the react-
ant was consumed. To finish the synthesis, the nanocubes were
washed with ethanol and concentrated to the desired final
concentration.

2.4 Nanoparticle Functionalization

Functionalizing the nanoparticles and removing the capping
agent PVP were based on a protocol of Moran and Xia.57 To
functionalize the nanoparticles, the capping agent PVP was
removed by centrifuging the nanocubes for 30 min in water.
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Following centrifugation, the supernatant was removed, and the
nanocubes were suspended in a 1:1 ratio of ethanol and 22.3 μM
MBA. The pH of the sample was then adjusted and the nano-
cubes were allowed to shake 1 h on a shake plate. The sample
was then centrifuged 30 min, and the supernatant was removed
and replaced with a 1:1 ratio of deionized water (DI) water and
22.3 μM MBA. Ethanol was initially added to help dissolve the
PVP capping agent, but ethanol has been shown to weaken thiol
bonds; therefore, the second wash step was performed without
ethanol.58 The sample was then placed on a shake plate and left
for 24 h. Near the end of the 24-h period, a sample of citrulline
bonded to PEG was made in another centrifuge tube. To make
the citrulline PEG sample, 5 mg of PEG was first dissolved in
1 ml of 50 mM HEPES resulting in a 5-mM PEG HEPES sol-
ution. Citrulline was then gently dissolved in HEPES making a
250 mM final concentration of citrulline HEPES solution.
Citrulline was then added dropwise to PEG at a 5:1 ratio at
pH 7.3. Citrulline forms an amide bond to PEG by displacing
the NHS group on PEG. The reaction occurred over 2 h on a
shake plate. Following the conjugation of citrulline to PEG,
the citrulline PEG solution was slowly added dropwise at a
1:1 ratio to the nanocubes with MBA solution on a stir plate.
The solution was then allowed to sit 24 h on a shake plate.
Last, the sample was carefully washed one last time via centrifu-
gation at slow speeds, 6000 rpm, to remove any excess MBA,
PEG, or citrulline not bonded to the surface. The process is
depicted schematically in Fig. 1. When making the protocol spe-
cific for the silver nanocubes, there are a few important param-
eters to consider. One of the most important parameters was
having the correct pH for the various reactions to occur. Regard-
ing the thiol group on MBA and PEG, hydrogen was displaced
from sulfur and binds to the silver surface in basic solutions
above pH 7. When MBA was dissolved in DI, the pH was
∼3.4 and was raised using NaOH. NHS, the functional group
on the heterobifunctional PEG, begins to hydrolyze after 4 h
at pH 7. Hydrolysis occurs within 10 min at pH 8.6, meaning
the citrulline would not be able to bind to the PEG after this
process. Choosing the correct pH and performing the reaction
before the occurrence of hydrolyzation is vital.

2.5 Citrulline Aptamer Discovery

A key advantage of in vitro aptamer selection is that selection
and counter-selection steps can be easily alternated to obtain
highly specific affinity agents. In order to select DNA aptamers
to citrulline, a modified version of “structure-switching” SELEX
described by Martin et al.,59 was utilized. Briefly, structure-
switching SELEX involves immobilization of the nucleic acid
library rather than the target. The DNA library is immobilized
by hybridization to a short capture oligonucleotide, and upon
exposure to the target (or off-targets), candidate aptamers are
eluted due to conformational change and higher affinity to the
target over the capture probe. This approach is especially advan-
tageous for selection of aptamers to small molecule targets as it
does not require the chemical immobilization of the target, which
can perturb the structure. Fourteen rounds of SELEX were per-
formed. In even-numbered rounds, citrulline was used to elute
the library captured on magnetic beads. In odd-numbered
rounds, the library was first exposed to a cocktail of the 20
essential amino acids (Promega, catalog #L4461) followed by
citrulline elution in phosphate-buffered saline (PBS) buffer, pH
7.4, 1 mMMgCl2, 0.05% Tween 20, with 5% human serum
albumin added. Stringency was increased by increasing the con-
centration of the 20 essential amino acids as well as decreasing
the elution concentration of the citrulline in successive rounds.
After the final round, the eluted library was sequenced using an
Ion Torrent Personal Genome Machine™ (Life Technologies).
Approximately 100,000 sequences were then ranked by bioin-
formatic analysis for frequency, subsequence motifs, and secon-
dary structure. By this process, individual aptamer candidates
were then chosen for synthesis and further testing.

3 Results and Discussion

3.1 Ag Nanocube Functionalization and
Characterization

Ag nanocubes were initially analyzed with a zetasizer to quan-
tify the surface charge (ζ-charge) before and after functionali-
zation. About 10 μl of Ag nanocubes were diluted in 990 μl
of HEPES buffer to machine specifications and 10 μl of Ag

Fig. 1 3-D diagram of process to modify the surface of Ag nanocubes with MBA and citrulline.
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functionalized nanocubes were also diluted in the same manner
as the nanocubes. The ζ-charge of the nanoparticles decreased
from −24.2 mV before functionalization to −27.9 mV. The sur-
face charge is similar due to the capping agents, initially PVP
before functionalization and then PEG after functionalization,
both of which prevent aggregation. UV/VIS spectrophotometry
was used to verify the extinction spectra from the Ag nanocube
nanoparticles and these nanocube extinction spectra are tuned
primarily by the edge curvature and particles size, which is why
the experiments were performed using 100 nm size nanocubes.
As depicted in Fig. 2(a), the functionalized nanoparticles extinc-
tion spectra were at the edge of the resonance with the 780-nm
excitation wavelength. It should be noted that while it is desir-
able to align the extinction spectra maximum with the excitation
wavelength, enhancement can still be depicted as long as there is
overlap and, in addition, the literature has stated that localized
resonances at different locations on the nanoparticles due to
dimers, etc., are actually more effective for creating SERS
enhancements than the excitation wavelength relative to location
of extinction spectra maximum peak.60 After functionalizing the
nanocubes, no major shift was noticed, indicating no major
aggregation occurred during the functionalizing process that
would have shifted the extinction spectra [Fig. 2(a)]. TEM

images shown in Fig. 2(b) of the silver nanocubes were used to
show their size, 100 nm and morphology, both of which are
important for understanding the overall SERS intensity.61 After
proving that the extinction spectra of the functionalized nano-
particles were in resonance with the excitation wavelength and
did not shift after functionalization using the UV/VIS spectrom-
eter, multiple devices were used to further characterize the sur-
face chemistry.

FTIR spectroscopy (Moore Analytical, Houston, Texas) was
used to verify that the amide bond was formed between citrul-
line and PEG. To insure that the NHS group on heterobifunc-
tional PEG did not prevent the amine group on citrulline from
bonding to the PEG, an important step was to confirm the citrul-
line did bond to PEG. A peak analysis was performed of the
FTIR spectra in Fig. 3(a), which revealed that an amide bond
did form, which was depicted in the spectrum by the peak
between 1630 and 1670 cm−1.

3.2 Raman and Surface-Enhanced Raman
Spectroscopy Analysis

Knowing that PEG and citrulline are present on the functional-
ized nanoparticles, Raman and SERS scans were performed to

Fig. 2 (a) UV/VIS spectrum of Ag nanocubes (black line) and functionalized Ag nanocubes (red line).
(b) TEM image of Ag nanocubes.

Fig. 3 (a) FTIR spectrum of functionalized Ag nanocubes, highlighting the amide bond formed between
PEG and citrulline. (b) Raman spectrum of MBA powder (top plot) and SERS spectrum of 22.3 μM MBA
bonded to Ag nanocubes (middle plot). Raman spectrum of 22.3 μM MBA dissolved in PBS showing no
detectable signal at this concentration as expected (bottom plot).
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verify the Raman reporter MBA was present on the nanopar-
ticles. As depicted in Fig. 3(b), to understand the SERS spectra,
first, a Raman scan of MBA powder was taken. A peak analysis
was done to show where the vibrational modes are for the two
main Raman and SERS MBA peaks, 1099/1596 and 1075∕
1586 cm−1, respectively. The shift from 1099 to 1075 cm−1 and
1596 to 1586 cm−1 from Raman to SERS corresponds to MBA
bonding to the metal surface.62 For the ∼1075 cm−1 peak, the
vibrational modes correspond to the C─H in-plane bending. The
∼1586 cm−1 peak corresponds to the C─C stretching. Using the
Raman spectra of MBA powder to know where the Raman
active peaks of MBA are located, a SERS scan of the function-
alized nanoparticles with 22.3 μM of MBAwas taken to verify
MBA did bond to the surface of the nanoparticles. A Raman
scan of 22.3 μM of MBA dissolved in PBS was then taken
to see if that concentration of MBA gives off a detectable
Raman signal. Figure 3(b) shows no detectable signal from
22.3 μM of MBA dissolved in PBS, which verifies that the
MBA peaks detectable when bonded to the Ag nanocubes
can come only from the Ag surface enhancement. Also, the
enhancement factor of nanoparticles was calculated to be 105.
Raman spectra of 100-mMMBA dissolved in ethanol were used
to compare with the intensity from 22.3 μM of MBA adsorbed
to the surfaces of the nanoparticles, to calculate the enhancement
factor. The enhancement factor (EF) for the nanoparticles was
calculated using Eq. (1)60 to be

EQ-TARGET;temp:intralink-;e001;63;466EF ¼ Isers
Inorm

Cnorm

Csers

; (1)

where Isers: 12,940.65 a.u., SERS intensity; Inorm: 89.76 a.u., the
intensity of MBA at 100 mM concentration; Cnorm: concentration

of 100 mMMBA in moles; and Csers: Concentration of 22.3 μM
MBA in moles.

After characterization of the functionalized nanoparticles, a
serial dilution was performed of the functionalized nanoparticles
to find the limit of detection. The functionalized nanoparticles
were first pipetted into the microwell and an initial SERS scan
was performed. Following the initial scan, the nanoparticles
were diluted by mixing them with PBS at a 1:1 ratio, the solution
was then pipetted in the microwell and a SERS scan was per-
formed. The surface modified nanoparticles were found to have
a 24.50 pM limit of detection, as depicted in Fig. 4(a), which
was defined as where the 1075 and 1586 cm−1 MBA peaks
were no longer easily discernable after multiple dilution steps.

3.3 Microscale Thermophoresis Binding Studies

After finding the limit of detection for the nanoparticles, the
aptamers were tested with a MST instrument. To perform the
MST experiments, a Cy5-labeled version of the natural DNA
citrulline aptamer (100 μM stock in 1× PBS, 1 mMMgCl2
was folded by incubating at 95°C for 5 min, and then allowed
to slowly cool to room temperature (∼25°C). The aptamer was
diluted in a solution of 1× PBS, 1 mMMgCl2, and 0.05%
Tween 20. This was then added to an equal volume of a twofold
dilution series of citrulline in a solution of 1× PBS,
1 mMMgCl2, and 0.05% Tween 20. The final concentration
of Cy5-citrulline aptamer was 5 nM. The final concentration
of citrulline ranged from 50 μM down to 1.526 nM, as depicted
in Fig. 4(b). For the tests against the cocktail of 20 essential
amino acids (EA), EA1, EA2, and EA3 are technical replicates
of the same solution of 5 nM Cy5-labeled aptamer in a mixture
of all 20 essential amino acids (arginine, lysine, aspartic acid,
glutamic acid, glutamine, asparagine, histidine, serine, threo-
nine, tyrosine, cysteine, methionine, tryptophan, alanine, isoleu-
cine, leucine, phenylalanine, valine, proline, and glycine).
There is a dilution series of the mixture in 1× PBS pH 7.4,
1 mMMgCl2, 0.05% Tween 20, such that at the highest concen-
tration, the amino acids are each 500 μM, with a twofold serial
dilution down from there, to a final concentration of 15.26 nM.
The aptamer was held constant at 5 nM. Last, tests (T)—T1, T2,
and T3—are technical replicates of the amino acid citrulline
with 5 nM Cy5-labeled aptamer. The highest final concentration
of citrulline is 50 μM, with a twofold serial dilution down from
there in 1× PBS pH 7.4, 1 mMMgCl2, 0.05% Tween 20, to a
final concentration of 1.526-nM citrulline. The aptamer was
held constant at 5 nM. The dissociation constant, KD, for the
citrulline aptamer binding to citrulline was calculated to be
4.96 μM [the vertical dashed line in Fig. 4(b)], with a 95% con-
fidence interval of 3.325 to 7.378 μM. To find the KD, three
technical replicates were collected for each concentration.
Technical replicates 2 and 3 were baseline corrected toward
the technical replicate one. This was done by computing the
average fluorescence for each replicate and then by subtracting
that value from replicate 1’s average fluorescence. Based on the
MST-based affinity data, the KD for citrulline aptamer to citrul-
line was determined to be ∼5 μM. The MST affinity data were
also used for the citrulline aptamer to the 20 amino acids. The
aptamer does appear to have some minor affinity for the other 20
amino acids, but the affinity is weak, ∼250 μM. Thus, the
aptamer is at least 50-fold more selective for citrulline than the
other 20 amino acids.

Fig. 4 (a) Serial dilution of functionalized nanocubes. (b) MST binding
curve for citrulline aptamers. T1, T2, and T3 represent each test run
on the MST. The 20 amino acids were separated into three different
samples EA1, EA2, EA3 are tested to see how they bind to the citrul-
line aptamer.
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4 Conclusion
Ag nanocubes successfully functionalized for a future SERS cit-
rulline competitive binding assay were presented for the first
time. Citrulline aptamers were also made that bind to citrulline.
To characterize the functionalized nanoparticles, a UV/VIS
spectrometer was used to verify that the extinction spectra were
in resonance with the excitation wavelength. TEM images were
used to ascertain the length of the nanocubes and visualize the
morphology. An FTIR was used to prove that citrulline did bind
to the PEG on the surface of the nanocubes, and SERS scans
were used to verify MBA binding to the surface of the nanopar-
ticles. Last, SERS scans were used to show a potential limit of
detection to 24.5 pM and MSTwas used to prove that the citrul-
line aptamers do bind to citrulline with a strong affinity in com-
parison to the other amino acids.
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