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Abstract

Porphyrins provide a versatfile spectroscopic probe for the
detection of toxic heavy metal ions. Chelation with transition metals
can result in measurable changes in their spectral signatures by
absorbance, fluorescence, and Raman scattering. These can be
amplified by near-by interactions with gold nanoparticles. Synthesis of
silica coated gold nanoparticles functionalized with 9,10,15,20-tetrakis
(4-aminophenyl 1)-21H,23H-porphyrin (TAPP) with an undecyl link is
described. This material was characterized for potential detection
of Zn%, Cu?, and Cd* in aqueous solutions. Metal-ion dependent
shifts in the Soret absorption band were distinguished using Principal
Component Analysis (PCA). Detection by fluorescence for each metal
ion using this material was observed at concentrations of 1.5 x 10° M.
Finally, a Raman enhancement factor of 5.7 was observed.

Introduction

Small amounts of certain heavy metals are essential for a healthy
life. However, these same metal ions can be problematic at higher
concentration (e.g. Zinc and Copper) [1]. Other heavy metals are
extremely toxic even at very low concentrations (e.g. Cadmium)
[2]. Heavy metals are also widely used in industrial processes (e.g.
Cadmium in electroplated steel and pigments in plastics) [3]. Because
metals are not biodegradable, they remain in the environment
and accumulate in the food chain. For this reason, organizations
worldwide have strictly defined the concentration limits of heavy
metals in drinking water [4,5].

Currently, the most common methods for trace heavy-metal ion
determination include Atomic Absorption/Emission Spectrometry
(AAS/AES) [6,7], inductively coupled plasma-mass spectrometry
(ICP-MS) [8], and Mass Spectroscopy (MS) [9]. While each exhibit
high sensitivity and low detection limits [6], these techniques are not
amenable for in situ monitoring [6-8]. Selective chelators provide
the potential for metal detection using absorption or fluorescence
detection [10]. Unfortunately, these often involve metal ion specific
reagents that may leach into the measured solution. Thus, considerable
effort has been made to develop simple and inexpensive colorimetric
and fluorometric techniques for heavy-metal detection [10-14].

Sensors based on heavy metal ion induced changes in fluorescence
signals have been widely studied [15,16]. For example, Wu et al.
developed a phenylene-bridged bis(pyrrol-2-ylmethyleneamine)
Zn** complex to detect Hg?* measuring fluorescence quenching
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upon metal ion exchange. The limitation of this strategy was higher
detection limits and release of toxic Zn** [17]. Additionally, Basu
et al. described using 4,4-dimethyl-4H-5-oxa-1,3,dithia-6,11-
diazacyclopenta[a]anthracen-2one for Pb** fluorescence detection
[18]. However, many of these systems are limited in practical use due
to poor aqueous solubility, short emission wavelengths, and weak
fluorescence intensities [12].

Using functionalized metal nanoparticles (NPs) for sensing
applications has attracted more interest due to optical properties such
as strong emission and stability to photobleaching [5,19]. He et al.
described a system for Cu?* detection using gold NPs and modulation
of the photoluminescence quenching efficiency between a perylene
bisimide chromophore and the NPs [20]. Fluorescence quenching of
pyridyl moieties coordinated to gold NPs was negated by Cu** through
coordination of Cu** to the pyridyl moiety. The sensor provided a
detection limit of 1.0 pM for Cu?*. Unfortunately, an organic solvent
system was required [20]. An example of multi element detection
includes the work of Hung et al. They reported a label-free Au NPs
based assay for Hg**, Pb**, and Ag** ions. The key for this assay was
the competition between the heavy-metal ions and gold NPs for their
binding toward alkanethiols. The presence of strong Hg**-S bonds
alleviated the extent of 4-mercaptobutanol induced aggregation of
the gold NPs, resulting in a declining ratio of the absorptivities at 650
to 520 nm of the gold NP solution [21]. These systems used for heavy
metal detection often need a complex labeling procedure and most
of them can only be applied to detect only a single targeted heavy
metal ion. Additionally, they suffer from unavoidable aggregation of
metal NPs by many environmental factors such as salts and organic
molecules, which often leading to false positive results and poor
reproducibility [20,21].

Shell isolated gold nanoparticles were first used in Surface-
Enhanced Raman Scattering (SERS) by Li et al. in 2010 [22]. The
ultrathin silica shell coated gold NPs significantly increased substrate
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generality of SERS signals [22-24]. 1) The gold NPs provide Raman
signal enhancement; 2) the silica shell prevents the NPs from
aggregating and direct contacting with the probed material. The
silica shell can be modified using silane coupling agents [25-28]. The
addition of functional groups to the surface of these silica-coated gold
NPs may enable generation of selective spectroscopic sensors. Work
by Cho et al. indicated the feasibility of porphyrin functionalized
Au@SiO, nanoparticles [14]. They indicated high selectivity for Hg**
ion resulting in a red shifted Soret absorption band and fluorescence
quenching by mono para benzyl tetraphenyl porphyrin moiety linked
to the silicate using an amino propyl-triethoxysilane bridge. They
reported Hg** detection limit of 1.2 ppb in water with no indicated
interferences [14].

As indicated above, porphyrins are a group of macrocyclic
compounds containing four pyrrole rings linked by methyne bridges.
Additionally, substitutions at the a, B, y, and § positions with varied
functional groups can customize the chelation and spectroscopic
properties e.g. [14]. The porphyrin nitrogen nucleus is a tetradentate
ligand enabling coordination with other transition metal ions (e.g.
Cu*, Zn**). When the metal complex is formed, two protons are
displaced from the pyrrole nitrogen atoms by the divalent metal ion,
such as Zn?*. This can result in measurable spectral shifts in the Soret
band, a very strong and characteristic absorption bands in the region
from 400 to 500 nm. The molar absorptivity for these compounds
have been reported as large as 105 [28]. The Soret band is therefore
widely used for the determination of metal ions and other ions by
spectrophotometric method [28-32]. It was then hypothesized
modification of silica coated gold NPs with a porphyrin chelator
could enable sensitive and selective detection of transition metal ions
in solution using molecular absorption Additionally, such a sensing
agent could use fluorescence and Raman scattering as complementary
detection modes.

5,10,15,20-Tetrakis(4-aminophenyl)-21H,23H-porphyrin
(TAPP) isa porphyrin with aniline groups in the a, §, y, and § positions
(Figure 1). The versatility of the para amine groups for chemical
linking to the silica surface was a consideration in its selection [14].
Another was the enhanced spectroscopic sensitivity offered by the
extended conjugation. TAPP functionalized shell isolate gold NPs
were investigated for use in a sensing substrate for determination of
heavy metals in aqueous solutions using absorbance, fluorescence,
and SERS.

Material and Methods
Chemicals and apparatus

acid (HAuCl) acquired from Strem
Chemicals Inc. (Newburyport, MA), 11-(triethoxysilyl) Undecanal
(95%) was purchased from Gelest Inc. (Morrisville, PA). The
(3-methylaminopropyl) trimethoxysilane (3MAP-TMOS, 97%),
4-acetoamidobenzaldehyde (technical grade), propionic acid
(>99.5%), pyrrole (98%), and trifluoroacetic acid (TFA, 99%) were
purchased from Sigma-Aldrich (St. Louis, MO). Methanol (99.9%)
and dichloromethane (99.9%) were obtained from Fisher Scientific
(Hampton, NH). The ethanol (Absolute anhydrous) was purchased
from Pharmco-Aaper (Shelbyville, KY). All chemicals were used as
received.

Chloroauric was

HaN NH,

HoN NH;

Figure 1: 5,10,15,20-Tetrakis(4-aminophenyl)-21H,23H-porphyrin (TAPP).

Fluorescence experiments were performed using a Cary
Eclipse Fluorimeter (Varian, Santa Clara, CA). UV-VIS absorption
measurements were made using a Cary 100 (Varian, Santa Clara, CA).
Raman scattering measurement used an Advantage 200A Raman
spectrometer (DeltaNu, Laramie, WY) equipped with a He/Ne laser
emitting at 632.8 nm (4-mW laser power). The spectral resolution
was low, and accumulation time was set to 3s. "HNMR was performed
using an Oxford 300 MHZ (Varian, Palo Alto, CA). Transmission
electron microscopy (TEM) was performed on a transmission
microscope (H-7650, Hitachi High-Technologies Corp, Pleasanton,
CA. operated at 80kv). The samples for TEM analysis were prepared
by pipetting 25 pL of the colloidal solutions onto standard carbon-
coated copper grids.

Data analysis

Principle Components Analysis (PCA) is probably the most
widely used multivariate chemometric technique. It is a standard tool
in modern data analysis which has been used in diverse fields [33,34].
PCA is designed to extract new uncorrelated variables (components)
from the original variables. The goal of PCA is to reduce data
complexity and identify the most meaningful components to re-
express a data set [35,36].

For example, a data set has a dimension of mx#n, m is the number
of samples, # is the number of variables used to describe each sample,
i.e. absorbance at each wavelength. The variances between these m
samples can then be represented by nl (nI<n) orthogonal principle
components. Each component is the linear combination of the
original variables [36]. In comparison to the large number of original
variables (1), the new principle components (nl) are fewer, thus
enabling analysis of the m samples using those variables sufficient to
represent the original data set.

Experiment
Synthesis of silica coated gold NPs

Gold NPs were prepared using Fren’s method [37]. Briefly, 1.4
mL of 39 mM tri-sodium citrate (Na,C,H,O,) was added to 200 ml of
0.29-mM chloroauric acid (HAuCl,) which was stirred and heated to
boiling. The mixture was further stirred and refluxed an additional 40
min and cooled to room temperature. To obtain clean gold NPs, 10

mL aliquots were then transferred to 13 mL test tubes and centrifuged
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Figure 2: a) UV-VIS spectrum of bare Au NPs. b) UV-VIS spectrum of silica
coated Au NPs.
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Figure 3: a) TEM for bare Au NPs. b) TEM for silica coated Au NPs. Each
scale bar corresponds to 20 nm.
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Figure 4: a) TEM for bare Au NPS. Scale bar corresponds to 100 nm. b)
Histogram of particle diameter of Au NPs in a).

at 4,500 rpm for 30 min. Following removal of the supernatant, the
resulting Au NPs were washed with deionized water and centrifuged.
The supernatant was again removed and clean to obtain concentrated
Au NPs. This method was used through this study to collect clean NPs
and will be subsequently referred as the centrifuge method.

A layer of SiO, was then deposited onto a sample of the Au NPs
using the procedure described by Liz-Marz an and Mulvaney [38].
This involved adding 0.4 mL of 1-mM (3-methylaminopropyl)
trimethoxysilane (3MAP-TMOS), to a 30-mL aliquot of the prepared
Au NP solution described above. After stirring 15 min at room
temperature (25 °C), 3.2 mL of a 0.54% sodium silicate (pH= 9.5-
11.0) was added and the resulting solution stirred for an additional
3 mins at 25 °C. This was then heated to 90 °C in a water bath and
stirred for an additional 2 hours. The reaction was quenched by
placing it in ice water. The resulting silica coated Au NPs (Au@SiO,
core/shell NPs) were collected using the centrifuge method described
above. Accordingly, all materials were washed twice before further
treatment.

Synthesis  of  5,10,15,20-Tetrakis(4-aminophenyl)-21H,23H-

Porphyrin (TAPP)

5,10,15,20-Tetrakis(4-aminophenyl)-21H,23H-porphyrin
(TAPP) was synthesized according to the procedure described
by Noji [39]. Initially, 5,10,15,20-Tetrakis(4-acetoamidophenyl)-
21H,23H-porphine (TAAPP) was synthesized as a precursor: using
a round-bottom flask, 4-acetoamidobenzaldehyde (7.5 g, 47 mmol)
was dissolved in 200 ml propionic acid, and the solution refluxed.
Pyrrole (3.0 g, 45 mmol) was added, and the mixture refluxed for 6
h under ambient condition. After cooling to room temperature, the
insoluble solid was collected using paper filtration. The residual solid
was purified by precipitation with dichloromethane/methanol (1:1)
to yield the characteristic purple solid [39]. The solid was dried in
vacuo overnight.

5,10,15,20-Tetrakis(4-aminophenyl)-21H,23H-porphyrin
(TAPP) was synthesized by dissolving TAAPP in trifluoroacetic
acid (30 mL) and distilled water (30 mL). The solution was heated
to 100 °C while stirring for 6 h, then cooled to room temperature.
The solution was evaporated in vacuo to half the original volume.
The residual solution was neutralized using dipotassium carbonate
(I M). The product was then extracted from the aqueous phase
with dichloromethane and dried using anhydrous sodium sulfate.
After solvent removal, the residue was further purified by column
chromatography (silica gel, chloroform/ethyl acetate=1:1 (v/v))
to yield a purple solid. The solid was subsequently dried in vacuo
overnight.

Synthesis of TAPP attached silica coated gold NPs

To attach TAPP onto the silica shell, a TAPP-siloxy conjugate
was synthesized. In a round bottomed flask, TAPP (50 mg, 0.07
mmol) and 11-(triethoxysilyl) undecanal (101 L, 0.28 mmol, 4
equivalents) were taken and dissolved in 2 mL of acetonitrile at 0 °C.
Then NaCNBH3 (53 mg, 0.84 mmol, 12 equivalents) was added drop
wise. The pH of the solution was maintained at 6.5 using glacial acetic
acid. The reaction mixture was then stirred at room temperature for
4 h maintaining the pH. After 4 h, ice cold water (5 mL) was added.
Dark solid precipitate was filtered as the product (95 mg, 0.048 mmol,
70%).

Clean and concentrated Au@SiO, core/shell NPs from section 3.1
were placed directly into a round bottom flask. An additional 5 mL
water and 10 mL ethanol were used to further dilute the solution.
Then 0.3 mL 10 mM acetate buffer (pH=4.7) was added into the
mixture with stirring. Subsequently, 0.75 mL 2.7x10* M TAPP siloxy
conjugate was added, the reaction required 5 h. To get clean TAPP
attached SiO,@Au NPs, the centrifuge method was used.

It should be noted the present work differs from that described
previously by both the length of the linking molecular chain (i.e. 11
carbons compared to three carbons) and the presence of the bridging
moiety at all four phenyl rings (i.e. a, B, y, and & locations) compared
to the mono substituted isomer [14].

TAPP attached silica coated gold NPs react with copper, zinc, and
cadmium

TAPP attached Au@SiO, core/ shell NPs were then reacted with
metal ions. For easier measurement, the previous mixture in the last
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Figure 5: 'H NMR spectrum of 5,10,15,20-Tetrakis(4-aminophenyl)-
21H,23H-porphyrin (TAPP).
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Figure 6: a) UV-VIS spectrum of TAPP siloxy conjugate. b) Fluorescence of
TAPP siloxy conjugate, excitation wavelength at 435 nm.
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Figure 7: (a) UV-VIS and (b) Fluorescence spectra of silica coated Au NPs,
free TAPP siloxy conjugate, and TAPP attached silica coated Au NPs.

step from section 3.3 was not centrifuged and cleaned. Instead, after
5 h reaction, 0.05 mL 0.5M NaOH solution was added with stirring.
After 5 mins, 0.05 mL of 5.0x10° M Cu** was added. The mixture
reacted for an additional 5 h with stirring at room temperature.
Clean, concentrated product was subsequently obtained using the
centrifuge method. Zn?* and Cd** solutions were treated using the
same procedure.

Results and Discussion
Characterization of the synthesized silica coated gold NPs

Generation of Au NPs and Au@SiO, core/shell NPs were
spectroscopically confirmed by the appearance of an absorption band
at 540 nm in their UV-VIS spectra (Figure 2). This band corresponds
to Au NPs ranging in size from 50 to 60 nm in diameter [40]. High-
resolution Transmission Electron Micrographs (TEM) for AuNPsand
Au@SiO, core/shell NPs are shown in (Figure 3). TEM micrographs
indicated Au particle with a diameter about 55 nm. Analysis of similar
TEM of Au NPs (Figure 4a) yielded a histogram shown in figure 4B
confirmed a medium particle diameter of 55 nm. Reveals the presence
of a silica layer following the deposition procedure described (Figure
3). TEM image of the Au@SiO, core/shell NPs indicated a SiO, layer
thickness of approximately 5 nm.

The concentration of Au NPs was determined by using the Beer-
Lambert relationship, A=ebc, where A is the measured absorbance,
¢ is the wavelength-dependent absorptivity coefficient, b is the path
length, and c is the analyte concentration. The measured absorbance
for diluted Au NPs at 540 nm was 0.274. 55 nm Au NPs have been
reported to exhibit a molar absorptivity at 540 nm of 3.0x10" M'cm!
[41]. Tt is therefore possible to calculate the mass concentration of
coated Au-NPs of this dimension using the measured absorbance.
Given a 20-fold dilution of the original 1.8x10"° M (i.e. 1.1x10" NPs
per liter) solution and assuming a uniform diameter of 55 nm (Figure
4), the mass of one Au NP can be calculated as 1.7x10"° g.

The mass concentration of for the coated Au NPs was 1.9x10*
g/mL. To verify this result, gravimetric measurements were used.
0.058 mM (1.65x10° g) Au was reduced to Au NPs (section 3.1),
and the final volume of Au NPs solution for UV-VIS analysis was 4
mlL, therefore, the mass concentration can be calculated as 4.1x10
* g/mL. The mass concentration from absorbance method is more
reasonable because of sample losses during solution centrifuge and
transfer. The mass concentration for the Au NPs solution after clean
and concentrate was 1.9x10* g/mL.

Characterization of the synthesized TAPP attached silica coated
gold NPs

Following TAPP synthesis, the compound was confirmed by
'"HNMR (Figure 5). 'HNMR (CDCI3, 400 MHZ, TMS, RT); §/ppm
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Figure 8: Comparison of Raman spectroscopy of TAPP attached silica
coated Au NPs with free TAPP mixed silica coated Au NPs.
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Figure 9: Raman spectra of silica coated Au NPs mixed with free TAPP.
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Figure 10: Fluorescence spectra of three metal ions after reacting with TAPP
attached silica coated Au NPs, (a) Cu2+, (b) Zn2+, (c) Cd2+.

=8.90 (8H, s, NH,), 8.0 (8H, d, J=0.03, phenol), 7.04 (8H, d, ]=0.03,
phenol).

The TAPP siloxy conjugate was analyzed by UV-VIS and
Fluorescence (Figure 6). The absorption band in UV-VIS spectrum
from 400-450 nm agrees with porphyrin’s Soret band (Figure 6a). The
fluorescence spectrum shows that the TAPP siloxy conjugate exhibits
an emission band from 650-690 nm with 435 nm excitation (Figure
6b).

To determine TAPP attachment to the surface of Au@SiO, core/
shell NPs, UV-vis and fluorescence spectra were recorded. (Figure
7a) shows comparison of UV-VIS spectra of Au@SiO,, TAPP siloxy
conjugate and the TAPP attached Au@SiO, core/shell NPs. For the
spectrum of the TAPP attached particles, two absorption bands are
readily visible (440 nm and 532 nm). The band at 532 nm was from the
Au@SiO,, the new absorption band at 440 nm was attributed to TAPP
absorption. (Figure 7b) shows a comparison of fluorescence spectra
of Au@SiO,, TAPP siloxy conjugate, and TAPP attached Au@sio,,
with 435 nm excitation. There was no observed fluorescence signal
from unmodified Au@SiO,. The fluorescence spectrum from the free
TAPP siloxy conjugate exhibited a peak at 660 nm. After attaching
TAPP to the Au@sio, core/shell NPs, the maximum fluorescence
signal shifted to 685 nm, which can result from energy transfer from
the TAPP to the Au NPs [42].

From UV-VIS absorbance and fluorescence spectra, TAPP was

attached to the surface of Au@SiO, core/shell NPs. Subsequently, the
concentration of the TAPP attached to the silica shell after reaction
was calculated based on Stern-Volmer equation (Equation 1), because
Au@SiO, NPs quench the fluorescence intensity of TAPP when they
were mixed.

F,/F=1+K,[Q] (1)

(F, is the fluorescence intensity without quencher, F is the
fluorescence intensity with quencher, K is the Stern-Volmer
quenching constant, [Q] is the concentration of quencher).

The Stern-Volmer quenching constant was calculated to be 1.9
using a series of Au@SiO, core/shell NPs (quencher) mixed with TAPP
siloxy conjugate (fluorophore) solution. The final concentrations of
Au@SiO, core/shell NPs were: 3.0x10°%, 6.0x10°%, 9.0x10°, 12.0x10°5,
and 15.0x10° g/mL. The final concentration of TAPP siloxy conjugate
was 2.7x10°® M. These solutions were analyzed by fluorescence and
the concentration of TAPP on the silica shell was 2.5x10% M.

Raman spectroscopy of TAPP attached silica coated gold NPs

Raman spectrum of TAPP attached Au@SiO, core/shell NPs was
recorded after its synthesis. The concentration of NPs was 10.7x10°
g/ml and the concentration of TAPP attached to the silica shell was
2.5x10® M. To compare the effect of linking the TAPP to the silica
surface, a solution of TAPP siloxy conjugate (2.57x10° M) mixed
with Au@SiO, core/shell NPs (10.7x10° g/ml) was prepared and
analyzed by Raman Scattering.

Figure 8 shows a comparison between TAPP attached Au@SiO,
NPs and the free TAPP mixed with Au@SiO, (no chemical bond).
From the Raman spectra, using Raman shift at 1500 cm™ (aromatic
ring), the Raman intensity of TAPP attached Au@SiO, was 5.7 times
greater than when the free TAPP was mixed with the Au@SiO, core/
shell NPs. There are two possible explanations for this result. First,
simply mixing cannot ensure TAPP is attached to the surface of the
Au@sio, core/shell NPs. Second, the enhanced electromagnetic field
usually decays exponentially with distance from the metal surface, the
coated silica layer further increased the distance of free TAPP to the
Au NP surface [43]. To further explore these two explanations, a series
of Au@SiO, NPs were mixed with free TAPP solution, separately.
The final concentrations of the nanoparticles were: 3.0x10%, 6.0x10"°
6, 9.0x10°¢, 12.0x10%, and 15.0x10° g/mL. The final concentration
of TAPP was 2.7x10® M. With sufficient time for equilibrium, the
mixtures were analyzed by Raman Scattering (Figure 9). The Raman
spectra indicated no significant enhancement or pattern between the
intensity and the concentration of Au NPs. Attaching TAPP to the
surface of silica shell was therefore required for an enhanced Raman
signal.

Multivariate analysis of resulted fluorescence spectra

After attachment of TAPP to the Au@SiO, core/ shell NPs, they
were reacted with heavy metal ions. The clean and concentrated
products were analyzed by fluorescence. The results are shown in
(Figure 10). Each product displayed an emission band from 650 to
690 nm. Although a difference was observed between each spectrum,
it was not sufficient to distinguish these spectra. To separate these
spectra from each other, multivariate analysis was used (i.e. PCA).
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Figure 11: PCA scores of each sample using two principle components
(99.15%) for the fluorescence spectra.

Principal Component Analysis (PCA) was applied to the
resulting mean centered, scaled fluorescence spectra (Figure 11),
thus eliminating the impact of signal intensity magnitude on the
data analysis. PCA revealed 99.15% of the variance in the sample
spectra could be described using two components. Scores for the two
components are shown in (Figure 11). The spectra for each metal ion
bound to the TAPP functionalized NPs appear very similar (Figure
10). However, reduction of the data to two orthogonal components
clearly shows discernable differences (Figure 11). This technique
enables distinction between each of these three metal ions at a
concentration of 1.5x10”° M.

Conclusion

In this study, TAPP attached Au@SiO, were synthesized and
applied to detect Zn?*, Cu®*, and Cd?** in aqueous solutions. Au NPs
acted as viable substrate for fluorescence and SERS. The Raman
signal of TAPP attached Au@SiO, core/shell NPs is 5.7 times greater
that the intensity of free TAPP mixed with Au@SiO, core/shell NPs.
And the conjugate system exhibited different fluorescence signal
changes when reacted with different heavy metal ions. The resulted
fluorescence spectra were analyzed by PCA. The result shows this
conjugated system can detect and separate Zn*', Cu*, and Cd*
in aqueous solution separately at concentration of 1.5x10° M.
Unfortunately, the resulted Raman spectra cannot be used to separate
different metal ions from each other. The advantages of this system
are: 1) Au NPs are viable substrate for fluorescence and SERS 2). Silica
shell can well prevent Au NPs from aggregating and contaminating
the analyte 3). Silica shell can be modified by other functional groups.
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