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Abstract

Cafteine, theophylline, and other methylxanthines have interesting biological activities and are
consumed in high quantities globally, causing health and environmental concerns. Gold
nanoparticles (AuNPs) have excellent optical properties for biosensor development, although little
is known about the adsorption of these xanthine derivatives to AuNPs. In this work, interactions
of these compounds with AuNPs were studied. Caffeine, theophylline and theobromine are
adsorbed in a manner that affords protection against salt-induced aggregation, whereas xanthine
and paraxanthine are adsorbed to destabilize and thus aggregate the AuNPs. Caffeine and
theophylline are able to protect AuNPs starting at concentrations as low as 6.3 uM. Xanthine and
paraxanthine induce significant aggregation at 5 uM. Adsorption was also confirmed by surface-
enhanced Raman scattering (SERS). Using two recently selected DNA aptamers for caffeine and
theophylline, the label-free colorimetric sensing method was tested; our results indicated that due
to adsorption of these target molecules, this method cannot be directly used for their detection. The
adsorption of these compounds to AuNPs may enable various detection methods such as SERS,

but at the same time, it may complicate other detection methods.
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Introduction
Caffeine is a very important molecule due to its widespread consumption.!!! It is

extensively and readily available and is the most widely used psychoactive substance. The
widespread consumption of caffeine has caused concentrations to rise in the environment and
aquatic ecosystems. Although negative effects on humans have not been a major concern, there
are reports of possible negative effects on coastal ecosystems.”?! For physiological and

environmental reasons, its detection and quantification is an area of growing interest.>¢!

The chemical name of caffeine is 1, 3, 7-trimethylxanthine, where removing any of the
methyl groups generates three new molecules named theophylline, theobromine and paraxanthine,
respectively. Theophylline is a main active component in tea, and it has been used to treat airway
diseases such as asthma.”l A lot of efforts have been made pertaining to the detection and

quantification of theophylline, especially in blood, due to its pharmaceutical relevance.!”!

Our lab recently reported a series of DNA aptamers that can bind caffeine® and
theophylline,!'”) respectively. These aptamers can be used to develop biosensors for selective
detection of these molecules. Gold nanoparticles (AuNPs) have been very popular in developing
aptamer-based biosensors because of their excellent optical properties.[!!"!”) Many sensors were
designed by taking advantage of the protective effect of aptamers against salt-induced aggregation
of AuNPs.['819) Aptamer binding to its target was also believed to inhibit aptamer adsorption to
AuNPs, and thus AuNPs are easily aggregated upon adding salt.>>>3] The color change due to
AuNP aggregation can thus indicate the presence of target analytes. This method hinges on the
idea that of the components in the sensor, only DNA aptamers can provide stability against salt-

induced AuNP aggregation, and only salt can induce aggregation.

However, we recently discovered that the adsorption of many target analytes to AuNPs
needs to be considered./** Ignoring such an interaction has led to false positives (seeing aptamer

[25-26] False negatives are also

binding where none exists) if aggregation is induced by the target.
possible, wherein no aggregation is occurring regardless of whether the aptamer is binding to the

target, because excess target is protecting AuNPs against salt-induced aggregation.[*’-28]

The adsorption of caffeine, theophylline and other methylxanthines on silver nanoparticles
was studied in previous works, though the adsorption of these molecules on AuNPs has yet to be

reported.[*-*!1 We herein systematically studied the adsorption of caffeine, theophylline and
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related compounds to gain fundamental insights. We also tested the AuNP-based detection method
and concluded that this method cannot be directly used for the detection of caffeine or theophylline

due to the adsorption of these molecules onto AuNPs.

Results and Discussion
Colloidal stability of AuNPs in the presence of caffeine and related compounds. The structures

of caffeine and related compounds tested in this work are shown in Figure 1. Each of these
structures consists of the same xanthine core with different numbers of methyl groups. Freely
dispersed AuNPs are red in colour. When they become aggregated, their visual appearance shifts
to a purple or blue color. For the as-synthesized citrate-capped AuNPs, and the AuNPs with added
caffeine, theophylline, and theobromine, we saw an identical red colour, indicating that these
molecules did not induce aggregation (Figure 1). This differs from the purple and blue color that
resulted upon the addition of paraxanthine and xanthine, respectively, which are indicative of

aggregation of our AuNPs.
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Figure 1. The structure of caffeine and its derivatives, and photographs of AuNPs following the
addition of caffeine, theophylline, theobromine, paraxanthine and xanthine, respectively. Samples
have final concentrations of 4.6 nM AuNPs, 2.5 mM MES buffer, pH 6.1 and 500 uM target. pKa
values are shown in blue, next to the proton that they correspond to. All pKa values given were

taken from their respective PubChem compound summary sheets.*?!
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This color change also shifted the wavelength at which maximum absorbance is observed.
Freely dispersed AuNPs absorb maximally around 520-525 nm, and aggregated AuNPs absorb
over a wider range, around 600-700 nm. To quantify the color, UV-vis spectroscopy was used, and
absorbance ratios (620 nm/523 nm) were determined. Given that aggregated AuNPs absorb higher
at 620, and freely dispersed AuNPs absorb more at 523, high absorbance ratios indicate that the

AuNPs are aggregated, and low ratios are indicative of freely dispersed AuNPs.

Since adenosine-induced aggregation of AuNPs has been well studied,?” ¥! we also
included adenosine and adenine in this experiment for comparison. Adenosine-induced
aggregation is evidenced by the increasing ratio of absorbance as the concentration of adenosine
increases, with aggregation starting at very low concentrations (Figure 2A). The fitting shown in
Figure 2A for adenosine resulted in an apparent K4 of adenosine to AuNPs of 7.2 uM. To contrast
this, as the concentrations of both caffeine and theophylline were increased to even 500 uM, the
ratio of absorbance remained low and comparable to that of the pure AuNPs, which is indicative

of a lack of aggregation.

In contrast, xanthine and paraxanthine showed increasing ratios of absorbance as the
concentrations of these targets increased (Figure 2B). Both targets can readily induce aggregation
starting at low micromolar concentrations and reach a plateau at approximately 5 pM.
Theobromine is comparable to caffeine and theophylline in that increasing the concentration has
no significant effect on the absorbance ratio, suggesting that theobromine cannot induce

aggregation.
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Figure 2. (A) The extinction ratio of the AuNPs in the presence of caffeine, theophylline, and
adenosine. Adenosine was included as a positive control. (B) The extinction ratio of the AuNPs in
the presence of paraxanthine, theobromine, xanthine, and adenine. Experiments were repeated in

triplicate.

Protection of AuNPs by caffeine and theophylline indicative of adsorption. Given that no
target-induced aggregation was observed for either caffeine or theophylline, it was unclear whether
these two molecules can be adsorbed to AuNPs. To test this, we then determined whether these
two molecules would protect AuNPs against salt-induced aggregation. To ensure that any
protection observed can be afforded to the presence of the target of interest, no buffer was included

in these methods. Samples were prepared using AuNPs, target and NaCl exclusively.

For both caffeine and theophylline, increasing their concentration decreased the absorbance
ratios (Figure 3A). Thus, we can conclude that they protected AuNPs against salt-induced
aggregation. Protection plateaus at approximately 125 uM for both caffeine and theophylline, with
noticeable protection being observed starting at 6.3 uM for both studied targets. Such protection
was indicative of adsorption of these two molecules to AuNPs. The effect of pH on the protection
afforded by theophylline was also studied. Both acidic (pH 4.2) and basic (pH 10.2) conditions
were assayed. These experiments showed an increase in protection at low concentrations of
theophylline at pH 10.2, and a slight decrease in protection at the lowest concentrations of
theophylline at pH 4.2 (Figure S3). Protection remained comparable at concentrations greater than
6.3 uM for each reaction condition. These results indicated that pH does not have a notable impact
on the protection offered by theophylline. The NaCl control (no theophylline) at pH 10.2 also had
a slightly decreased ratio of absorbance. Thus, the pH 10.2 buffer itself may be contributing to the

slight increase in protection shown in Figure S3.
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Figure 3. (A) Protection of AuNPs offered by caffeine and theophylline. Samples were prepared
using 3 nM AuNPs with a final of 40 mM NaCl added. SERS spectra of (B) 5 mM caffeine alone,
and 0.5 mM caffeine with 100 nm AuNPs and 1.2 mM MgSQs4, (C) 0.5 mM xanthine alone, and
0.05 mM xanthine with 100 nm AuNPs and 1.2 mM MgSO4, (D) 5 mM theophylline solution, and
0.5 mM theophylline with 100 nm AuNPs and 1.2 mM MgSOa.

When comparing the structures of caffeine and its derivatives (Figure 1A), there is a
notable difference between the compounds that can induce aggregation and those that do not. It is
tied to the presence versus absence of a methyl-capped nitrogen in the N3 position. The N3 methyl-
cap is missing on xanthine and paraxanthine and these are the only caffeine derivatives studied
here that induced aggregation. Caffeine, theophylline, and theobromine are methyl-capped on this
nitrogen, and none of these compounds induced aggregation of the AuNPs. Given this, we
reasoned that the structures of the targets being studied are critical in determining whether an

interaction would stabilize or destabilize AuNPs. Note that they were all adsorbed to the AuNPs.
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The charge of a molecule is known to strongly influence its ability to stabilize AuNPs. For
example, adenosine destabilizes AuNPs, while ATP stabilizes them, since the latter has a

(27 At our experimental condition pH of 7.3, each of these

negatively charged triphosphate.
molecules exists in a neutral charge state (0 formal charge). With this, the pKa values of these
molecules (shown in Figure 1) do not seem to be an important parameter for determining whether

a target may have a stabilizing or destabilizing effect on AuNPs.

A possible explanation for the lack of methyl cap contributing to aggregation is that this
N3 position can coordinate to the AuNP surface to help displace the surface citrate, resulting in a
more charge neutral surface. Alternatively, if this position is not adsorbed, it may serve as a
hydrogen bond donor to interact with a ligand on another AuNP to induce aggregation. These roles
either decrease charge repulsion or increase inter-particle attraction, both promoting AuNP

aggregation.

SERS to study adsorption. For both stabilization and destabilization interactions, the likely cause
is the adsorption of the target onto the AuNPs. To further verify adsorption, surface-enhanced
Raman scattering (SERS) was performed for caffeine, theophylline, and xanthine (Figures 3B-D).
Compared to the free molecules in water, the SERS samples with AuNPs had much stronger
signals despite their concentrations being 10-fold lower, confirming adsorption. The Raman
spectra obtained were consistent with literature values for xanthine peaks. In work done by Muniz-
Miranda to study xanthine using Raman spectroscopy and silver nanoparticles, enhanced peaks at
around 657 cm™ were observed.l*!! In Figure 3C, we also observed a strongly enhanced peak at
approximately 657 ¢cm™!, which solidly suggested adsorption of xanthine onto the AuNPs. The
Raman spectra for caffeine also suggested absorption, which is given by the enhanced peak at
approximately 555 cm™! (Figure 3B).?°! Theophylline results are indicative of adsorption as well,
as evidenced by the peaks at 555 cm™ and 1570 cm™ (Figure 3D).1*% These results strengthened
our hypothesis, supporting that the stabilization or destabilization interactions with AuNPs were

afforded due to the adsorption of our targets onto the AuNPs.

Protection of AuNPs by the aptamers. For the sensing method to work as intended, aptamers
must be able to protect the AuNPs against salt-induced aggregation. Figure 4A and 4B illustrate
the predicted secondary structures of the caffeine and theophylline aptamers, respectively. To

ensure that the aptamers were suitable for the sensing method, preliminary experiments were done
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to verify the protection. As the concentration of the aptamer increased, the ratio of absorbance
decreased proportionally (Figure 4C), confirming that these aptamers can indeed protect the
AuNPs. Protection was observed at each of the studied concentration to varying degrees.
Protection reached a plateau at around 100 nM, for both the caffeine and theophylline aptamers.

Given these results, 100 nM aptamer concentrations were used for subsequent experiments.

A B T T C
Ta A
T /SCC
C G 10 L Caffeine aptamer
CGTTC TG CT . Theophylline aptamer
.8
A C G-C 2
C C TG Qﬂ
T Caff203 A G-C 5 6
G cC G 7+ T uf
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SG-C 5G-C [Aptamer] (nM)

Figure 4. The secondary structure of the (A) caffeine and (B) theophylline aptamers. (C)

Protection against salt-induced aggregation offered by caffeine and theophylline aptamers.

Label-free colorimetric sensing of caffeine and theophylline. Single-stranded DNA molecules
can interact with the surface of AuNPs in a way that stabilizes the AuNPs. This interaction is due
to the nitrogenous lone pairs that are present on nucleobases. NaCl destabilizes AuNPs by
screening the surface charge, such that aggregation ensues. The typically proposed sensing
mechanism makes use of these two interactions to determine whether an aptamer sequence is
binding to a particular target. Specifically, when both DNA and NaCl are present, the protective,
or stabilizing, effect of DNA is dominant, and thus the AuNPs are protected against salt-induced
aggregation. However, when the target of said aptamer is included in the system, the aptamer will
preferentially interact with the target, thus reducing or eliminating the protective effect of the

aptamer for the AuNPs (Figure 5A).
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Figure 5. (A) The conventional mechanism for the label-free sensing method. In this mechanism,
only the adsorption of aptamers is considered, while the adsorption of target molecules is not
considered. Photographs of sensing results using the (B) caffeine aptamer and (C) theophylline
aptamer before and immediately after adding NaCl. Samples consisted of 1 mM phosphate buffer,
pH 7.3, 4 nM AuNPs, 10 uM target, 100 nM DNA aptamer, and 0 or 40 mM NaCl. Quantified
sensing assay results with caffeine (D) and theophylline (E) aptamers after adding 40 mM NaCl.
For the samples with Mg?" added, 0.5 mM Mg?* was used.

Following the method in Figure 5A, we tested the detection caffeine and its derivatives
using the caffeine and theophylline aptamers. Given that in the samples shown in Figure 5B and
5C, NaCl had thus far not been added, yet aggregation was observed for some molecules, it
becomes evident that the target-AuNP interaction was predominating in those cases. If DNA-

AuNP were the primary interactions in the system, there would be no aggregation before the
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addition of salt. Aggregation prior to salt addition means that the target can induce aggregation of

the AuNPs regardless of the presence of aptamers.

As further evidence for the dominance of the target-AuNP interaction, neither caffeine with
the caffeine aptamer (Figure 5D), nor theophylline with the theophylline aptamer (Figure 5E)
samples showed aggregation upon the addition of salt. This again shows that it is the target that is
interacting with AuNPs more strongly, as no aggregation is observed where it is expected to occur
due to the protection against salt-induced aggregation offered by caffeine and theophylline. For
each of the samples shown in Figures 5B-E, aggregation is shown to be based on the interaction
of the target with AuNPs (i.e., those targets that were shown to induce aggregation in previous
assays are again showing aggregation in the sensing experiment here, and those that were shown
to offer protection against salt-induced aggregation in previous assays are showing no discernable

change in absorbance ratio following the addition NaCl).

Further tests were done to assess whether a higher concentration of salt may alter the results.

Concentrations up to 100 mM NaCl were assayed (Figure S1). These assays showed that the
sensing result was dependent on the presence versus absence of theophylline — assays were done
with just theophylline, theophylline and aptamer, and just aptamer (each with NaCl and AuNPs).
For each assayed concentration of salt, the sensing results mirrored the theophylline-only result,
suggesting that the theophylline-AuNP interaction is dominant in the system, regardless of the
NaCl concentration used. Even more, MgCl: was added to the caffeine aptamer sample to promote
aptamer-target binding. However, despite adding MgCla, still no aggregation was observed for the
caffeine with caffeine aptamer sample (Figure 5D). The same can be said for the sensing assay
with the theophylline and theophylline aptamer, which also included 0.5 mM MgClz (Figure SE).
Increasing MgClz further was not possible, as higher concentrations of Mg*" can readily induce

aggregation of the AuNPs.

Therefore, based on this sensing assay, this system was dominated by target/AuNP
interactions. If the DNA-AuNP interaction dominates, the samples with targets that do not bind
the aptamer should not show any aggregation, and the targets which bind to the aptamer will show
aggregation once NaCl had been added. If the target-gold interaction dominates, then aggregation
will depend solely on the stabilization/destabilization interaction of the target with AuNPs. Prior

to adding NaCl, aggregation is already seen in the samples with xanthine, adenosine, and adenine.

10
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Because the paraxanthine samples aggregated slower than other aggregation-inducing targets,
paraxanthine kinetics experiments were done (Figure S4). These experiments showed that
aggregation began between 5-10 min after adding paraxanthine to the AuNPs, and full aggregation

(E620/Es23 >1.0) was reached at approximately 30 min.

Based on whether target molecules can adsorb and whether DNA can bind to target, there
are four possibilities as summarized in Figure 7. In Figure 7B and 7D, we are getting the ‘expected’
result — aggregation when target of interest is present, and no aggregation when a non-target is
present. However, despite these being the expected results, the underlying mechanism can be
different from previously reported. Previous iterations of this sensing method conclude that
aggregation occurs because no protection against salt-induced aggregation is being afforded by
DNA, when in-fact we would see aggregation prior to adding salt. This indicates target-induced
destabilization of the AuNPs (as suggested in Figure 7D). As well, there is potential for both false-
negative and false-positive results, as shown in Figure 7A and 7C. In Figure 7A, despite there
being DNA-target binding, no aggregation is observed because of the stabilization effect of the
target. The conclusion would be that no binding is occurring, when in fact it is simply being
masked. Alternatively, Figure 7C shows a false-positive — it appears as though binding is occurring,

though aggregation ensues before salt addition because of the destabilizing effect of the target.

A Stabilizing target AUNP : B Stabilizing non-target AuNP j\J
(~ @
»f T o N @ ,
= II . oo . _ Nacl .‘. ‘(_ e e ® NaCl
Aptamer Aptamer J\J ®
Binding but no aggregation No binding and no aggregation
C Destabilizing non-target AuNP D Destabilizing target AuNP
- e o J\J
(= . J\J
JI e, ‘ D) 1’ oo @L.@" o‘.@L NaCl @,_
—
Aptamer J\j Aptamer @L‘
Aggregatlon but no binding Binding and aggregation
Legend
@  Stabilizing analyte @®  Destabilizing analyte J\J Unbound aptamer
. Freely dispersed AUNP . Aggregated AuNP QL‘ Bound aptamer

Figure 7. Possible results for the sensing assay when the target is dominating in the system. (A)

The expected results when a stabilizing target is used. (B) The expected results when a stabilizing
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non-target is assayed. (C) The expected result when a destabilizing non-target is used, and (D) the

expected result when a destabilizing target is assayed.

Considering results reported here, and the described potential results, previous work that
made use of this method may need to be revisited to ensure the validity of the conclusions. For
instance, this method has been used as proof of successful aptamer selection for a number of
sequences.l*¥ Because of the stringency required for success, these sequences may need to be
studied using alternate methods to ensure their viability. An example where the constraints not
being met did in fact lead to false conclusions is shown in work done by Zong et al.*>! This false
conclusion came about partially due to the failure to report target-gold interactions between arsenic

and AuNPs.[3°]

For this method to be successful as it has been intended,?*! three primary constraints should
be met: 1) NaCl must be the only component in the system which can induce the aggregation of
AuNPs; 2) the DNA aptamer must be able to protect against salt-induced aggregation, and it must
be the only component in the system which can do so; 3) the target in question must not interact
with AuNPs in either a stabilizing nor a destabilizing manner. If such an interaction were to exist,

it must be weaker than the interaction of DNA with AuNPs.

Conclusions
In this work, we studied the adsorption of caffeine and theophylline by AuNPs and evaluated the

feasibility of aptamer-based label-free detection. Adsorption was observed based on the colloidal
stability of AuNPs and Raman spectroscopy, and due to such adsorption, the AuNPs could not be
used for direct label-free colorimetric detection. Future research on more reliable methods for
detection and quantification of small molecules using AuNPs would need to carefully consider
target-gold interactions. Alternate methods with less constraints for success can be explored.
Results presented in these works also suggest that the method as reported should not be used as
proof of aptamer binding, and alternate binding assays should be employed when reporting new

aptamer sequences.
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Experimental Section
Chemicals. The 13 nm AuNPs were used for all assays other than Raman spectroscopy. The 13

nm AuNPs were prepared according to literature.*” A 1 mM HAuCls solution was heated to
refluxing, and then a 1% Na3CsH7-2H20 was added to the refluxing solution. This was allowed to
react until a wine-red color was achieved; the solution was then slowly cooled. DNA samples were
purchased from Integrated DNA Technologies (Coralville, IA, USA). The caffeine aptamer
sequence is 5'-GAC GAC TAC GGA GTT TTA GCC GTC ACG TTC CCA GGA GTC GTC-3',
and the theophylline aptamer sequence is 5'-GAC GAC GAT TGT GGT CTA TTC ATA GGC
GTC CGC TGA GTC GTC-3". Sodium chloride, 4-(2-hydroxyethyl) piperazine-1-ethanesulfonic
acid (HEPES), MES, NaH:POs4, Na:HPO4, KH:POs4, -caffeine, theophylline, xanthine,
paraxanthine, theobromine, adenine and adenosine were purchased from Sigma-Aldrich. Milli-Q

water was used to prepare all the solutions and buffers.

AuNP stability assays. To assess the effect of the target molecules on the stability of the AuNPs,
titrations were made to a final concentration of 3 nM AuNPs, and target concentrations ranged
from 1 pM to 2 mM. Reactions consisted of 55 pL. of AuNPs and 55 pL of respective target
solution. For consistency, samples were allowed to sit for 1 h at room temperature before
measurements were taken on a UV-Vis spectrophotometer. For pH studies, a
carbonate/bicarbonate buffer was used for pH 10.2, and a sodium phosphate/potassium phosphate

buffer was used for pH 4.2.

Aptamer-based sensing Protection offered by the chosen aptamer sequences was first assessed
by aggregation experiments. An approximately 4 nM final concentration of AuNPs was used, with
aptamer concentrations ranging from 20-100 nM. Samples were made up of 70 uL. AuNPs, 10 uLL
of the respective DNA solution, and 20 pL of NaCl (40 mM final). The sensing experiments were
done by first mixing the aptamer with target and were left to interact for 5 min; and a 5 mM
phosphate buffer, pH 7.3 was used for this reaction. Next, AuNPs were added, and results were
photographed. Finally, NaCl was added to each of the samples and results were again
photographed and recorded using UV-Vis spectrometry. The final concentrations of the reactants
were 100 nM DNA, 10 uM target molecules, 40 mM NaCl, 1 mM phosphates buffer, and
approximately 4 nM AuNP. The final sample volume was 100 pL, which consisted of 60 uL
AuNPs, 10 puL aptamer solution, 10 pL target, and 20 pL NaCl. Alternate salt concentrations were
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assayed for the sensing experiments with theophylline. 10 uM theophylline, 100 nM theophylline
aptamer, and 4 nM AuNP concentrations were used; NaCl concentrations ranged from 40 mM to

100 mM.

SERS and UV-vis Spectroscopy Samples were prepared using 100 nm AuNPs prepared by citrate
reduction. The final caffeine, theophylline and xanthine concentrations were 0.05 to 0.5 mM, and
1.2 mM MgSO4 was used when needed, to aggregate the AuNPs to increase Raman hotspots. For
the AuNP-free spectra, the concentration of the molecules was 10-fold higher. Measurements were
taken using a DeltaNu Advantage 785 Raman spectrophotometer, with an excitation wavelength
of 785 nm and an integration time of 5 s. All UV-vis spectrophotometry results were obtained

using an HP/Agilent 8453 UV-Vis spectrophotometer.
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ToC Entry

This study is focused on the interaction between gold nanoparticles and two important
methylxanthines: caffeine and theophylline. Both molecules adsorb onto gold nanoparticles and
protect their colloidal stability, and such adsorption disallows the use of the classic label-free

colorimetric sensing method.
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