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ABSTRACT

The occurrence of pharmaceutical and personal care products (PPCP’s) and their byproducts in the environment is of growing concern due to potential harmful effects on environmental and human health. Synchronous-scan fluorescence spectroscopy (SFS) was used to detect levels of caffeine, 17α-ethynylestradiol, and the PPCP additive Triclosan in Pushaw Lake, Branch Lake, and Sebasticook Lake, which are 3 heavily populated Maine lakes. Detection and quantification of a mixture of compounds in environmental samples using SFS is a novel and a relatively inexpensive method that potentially offers a rough estimate of compound levels in water. The benefit of this method is that individual compounds can be detected in a mixture rapidly and without using separation techniques. Samples were collected from all lake inlets, outlets, and deep holes, and were filtered to remove particulate matter. To develop a mathematic quantitative method, standard dilutions of the 3 compounds were scanned to determine peak position for each. This data generated a standard curve for each, relating concentration to peak intensity. A filtered environmental sample from each lake was analyzed using SFS and standard addition of a PPCP mixture, resulting in compensation for organic carbon fluorescence. 
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INTRODUCTION

Every year, thousands of tons of pharmaceuticals and personal care products (PPCPs) are used and released into the environment as unchanged compounds and their metabolites [3]. These compounds end up in water sources through treated wastewater, groundwater, agricultural runoff, direct runoff of on-ground fecal material from animals, the use of sewage sludge as fertilizer, improper disposal of expired medications, and industrial runoff [2, 3, 6, 9]. In addition, potentially harmful personal care products are inadvertently released daily into the environment [5]. The presence of PPCPs can have a profound impact on aquatic organisms. Synthetic estrogen at low environmental concentrations has been linked to the feminization of male fishes, thereby decreasing the fish population [3]. Some have suggested that chronic exposure of pharmaceuticals on non-target organisms can have even more effects including metabolic changes, physical deformities, and sexual alteration [5].

PPCPs have been detected by various methods at low levels (µg/L-ng/L) in the environment, including in drinking water sources [5]. These concentrations are far below normal therapeutic doses, causing some health officials to consider the concentrations safe [12]. However, the health effects of chronic low dose exposures of individual pharmaceutical compounds are largely unknown.  Additionally, these compounds and their metabolites exist as mixtures in the environment and the human toxicology of these mixtures is largely unknown and very difficult to predict [1, 10]. As mixtures, chemicals can behave differently than if they occurred as individual compounds and in some cases become much more toxic. The most common interaction among mixtures is additive, where the combined effects of the two chemicals are equal to the sum of the effects of each agent alone (ex: 2+2=4).  However, it is possible that the combined effect of the two chemicals is much more that the sum of their individual effects (ex: 2+2=20) otherwise known as a synergistic effect.  A third effect, potentiation, occurs when a non-toxic chemical is added to another chemical, and the mixture becomes toxic (ex: 0+2=10) [4]. While the mixture toxicity of PPCPs is still speculative, a toxicological study showed that mixtures of therapeutic pharmaceuticals at environmental concentrations decreased cell proliferation in human embryonic cells in vitro by as much as 30%[9]. Due to potential and unknown environmental and human health risks, it is crucial to test water sources for pharmaceuticals. 

Several methods have been applied to detect PPCPs in the environment, such as Gas Chromatography/ Mass Spectrometry (GC/MS) and Liquid Chromatography / Tandem Mass Spectrometry (LC/MS-MS) [11]. However, these are costly and time-consuming methods that require the separation of individual components in a mixture [7, 11]. Synchronous-Scan Fluorescence Spectroscopy (SFS) is an alternative method of PPCP detection and quantification. SFS is the scanning of excitation and emission spectra simultaneously with the difference between the emission and excitation wavelengths (Δλ). Components of a mixture can be identified by running several synchronous scans at various Δλ. One of the major benefits of using SFS is that mixtures of PPCPs can be detected without using any separation techniques. SFS is a faster, economical, and convenient method for PPCP detection and quantification in environmental samples [8, 11]. This allows for more frequent testing of water sources for PPCP contaminants. SFS was used as a method to detect the PPCP compounds triclosan, 17α-ethynylestradiol, and caffeine in samples from Pushaw Lake, Sebasticook Lake, and Branch Lake. 

MATERIALS AND METHODS

Sampling:

Samples were taken from 3 Maine lakes including Pushaw Lake, Sebasticook Lake, and Branch Lake on Oct. 11th, 12th and 13th, Nov. 9th and Dec. 6th and 7th. Samples were collected from the inlets and outlets for each month and from deep holes in October only. The three lakes were chosen based on their high population density and the presence of old camps close to the water. These factors suggest possible sewage leakage from old septic systems as a possible PPCP contamination source. Branch Lake was specifically chosen because it is the water supply for the town of Ellsworth, making possible contamination a more direct threat to human health. All samples were collected in standard 1-liter environmental sample bottles, which had been cleaned with ___ and de-ionized (DI) water. The clean bottles were then rinsed and filled with the lake water and were stored at 2-8°C in a refrigerator. 
Filtering:

In early January the samples were filtered using a 0.22um filter and were stored in glass bottles in a refrigerator until able to be analyzed. The filter apparatus was cleaned with (cleaning solution), rinsed with high performance liquid chromatography (HPLC) grade methanol and rinsed with DI water several times between each change in sample to avoid contamination.

Standard Dilutions:

17α-ethynylestradiol, caffeine, and triclosan were used to make stock solutions. All glassware was washed with concentrated cleaning solution and was rinsed with DI water. To ensure even mixing and distributing of the compounds, a stir bar with magnetic stirrer was used for each dilution. Triclosan and 17α-ethynylestradiol, each have low solubility in water, so they were dissolved in HPLC grade methanol before diluting with DI water. Dilutions ranged from 10E-7M to 10E-12M and were stored in glass bottles in refrigeration for a maximum of one day before analyzing.

Creation of Standard Curves with SFS:
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All samples and dilutions were analyzed with a Jobin Yvon Fluorolog-3 spectrofluorimeter, which includes emission and excitation monochromators, a 400W Xenon lamp source, and a photomultiplier tube. The instrument also included excitation resolved correction, allowing peaks to be clear at low wavelengths.  Before each instrument session, a calibration check of the xenon lamp source and the position of the water Raman peak were conducted. If either one was not calibrated, it was corrected in the program system. 5mm quartz cuvettes were used to hold samples and were cleaned with DI water and starna cells brand cuvette cleaning solution between compounds. In order to create a standard curve relating compound concentration to peak intensity, a series of standard dilutions for each compound were tested. The lowest concentration was tested first for each compound to avoid contamination between samples. For each compound, the emission and excitation peaks and their corresponding parameters were determined and recorded. The difference between the maximum emission and excitation wavelengths for a compound gave the Δλ which was used for synchronous scanning. 
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For caffeine, the maximum excitation and emission wavelengths appeared to be in the range of 274-279nm (λex) and 375-384nm (λem). Based on the peak positions in these ranges, synchronous scans were conducted from λΔ 70-110nm, with 110nm being the most intense as seen in Fig1. Δλ 110 was used in the SFS scans for caffeine. Following the same process, the data showed that17α-ethynylestradiol had excitation and emission peaks ranging from 273-279nm and from 297-307nm respectively. A Δλ 29nm was determined to be the optimum synchronous scan peak. When triclosan was scanned, there appeared to be two possible emission peaks being 320nm and 420nm. When subtracted from the maximum excitation peak (λex 270), 150nm and 50nm were the two possible SFS peaks. As shown in Fig. 2 and 3, an offset of 50nm results in higher intensity than 150nm for the same concentrations.
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The method for developing standard curves for each compound follows that of Liu et al. The curves were created based on SFS peaks at the Δλ for caffeine, triclosan, and 17α-ethynylestradiol. The Δλ used were 110nm, 50nm, and 29nm respectively. For each concentration, the maximum peak position intensity was determined. According to the method of Liu et al., the relationship between intensity vs. concentration is linear at low concentrations. Using a linear relationship, the equations were deduced from each compound’s intensity (cps) vs. concentration (M) graph as shown in figures 4 and 5. The equations are y = 3E11x + 41193 for triclosan and y = 3E11x + 9916.3 for caffeine.
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Solid-State Fluorescence:
Solid-state fluorescence experiments were conducted to explore the difference between the behavior of the compounds in water and in pure form. Excitation, emission, and synchronous scans were conducted on at _____ spectrofluorimeter which includes excitation and emission monochromaters, a___W xenon excitation lamp, and a PMT. This instrument did not include excitation resolved correction. Each of the three compounds were analyzed in their solid state to compare with their behavior in water. As shown in Fig. 6, Caffeine was analyzed with λex280nm, λem325-370nm, and SFS with ∆λ 33-110nm. Triclosan was analyzed with λex270-307nm, λem314-390nm, and SFS with ∆λ 31-150nm (Fig. 7). 17α-ethynylestradiol was analyzed [image: image17.jpg]Tntensity (cps)
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with λex270-305nm, λem305-335, and SFS with ∆λ 28-33nm (Fig. 8).
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Standard Additions:
A mixture of 17( ethynylestradiol, caffeine, and triclosan was prepared using the same method for creation of standard dilutions. The sites tested were Pushaw Stream which is the outlet for Pushaw Lake, Rocky Pond Stream which is an inlet for Branch Lake, and Stetson Stream which is an inlet for Sebasticook Lake. All three of these samples were collected on Nov. 9. The mixture was added to filtered lake water in a 1:1 ratio for the sites tested. When added, the concentration of each compound in the lake water was 2.5E-6M. Each filtered environmental sample was scanned using SFS. For each SFS measurement, EM/EX slits: 5/5nm, range: 250-400nm, integration time: .1, increment: .1, and ((: 110nm, 50nm, and 29nm corresponding to each compounds’ EM/EX difference. Each environmental sample containing the PPCP mixture was scanned in the same manner. Figure 9 shows the synchronous spectra of the mixture before added to the lake samples.
RESULTS:

Figure 9 shows the synchronous spectra of the PPCP mixture in the Pushaw Lake outlet run at the determined ∆λ for each compound. Organic carbon fluorescence is consistently seen in each scan in the range of 340 to 370nm. At ∆λ100nm, no mixture peaks are clearly visible. At ∆λ50nm there is a clear peak at 276nm which corresponds to triclosan. At ∆λ 29nm, there is a intense peak between 280 and 284nm which corresponds to the synchronous peak of 17α-ethynlyestradiol.  


Figure 10 shows the SFS spectra of Stetson Stream, which is an inlet for Sebasticook Lake. The PPCP peaks are in the same places as in the PSO sample, and the intensity of each peak is similar.

SFS analysis of Rock Pond Stream (RP), which is an inlet for Branch Lake, was similar to that of spectra from PSO and SS. Although, the level of organic carbon in RP is slightly lower than in the other sites, making the PPCP peaks more visible.




DISCUSSION:

Good technique is crucial in using SFS for detection and quantification of PPCPs in the environment. The SFS scans of the PPCP mixture in the filtered samples from Pushaw, Branch, and Sebasticook Lakes, demonstrate the ability of SFS as a method for detecting PPCPs in water sources. Organic carbon is highly fluorescent and masks and other peaks in filtered water samples. By employing a standard addition method, the peaks are easily identified. In the PSO, SS, and RP samples, triclosan and 17α-ethynylestradiol are clearly present when run at their specific ∆λs. However, when run at ∆λ100nm, the caffeine is not visible. The intensity of the carbon peak is lowered at this offset, suggesting possible bonding of the caffeine with the carbon. Kinetics tests such as the creation of Stern-Volmner plots should be done to further investigate the behavior of the organic carbon. If the carbon is quenching the caffeine, a stronger concentration should be used to make the peak visible so quantities can be determined. SFS with standard additions is an effective way of compensating for carbon fluorescence. 

 Unfortunately, quantification was unable to be conducted as the xenon lamp blew at a critical point in the analysis. A replacement 300W bulb was used, but it had an inconsistent power supply, making it impossible to utilize the standard curves. However, a method was able to be developed. The creation of the standard dilutions is one of the most crucial steps in the method. The dilutions were made very precisely and were mixed evenly with a stir bar. Without proper dilutions, the standard curves will not be strong when used for quantification. The standard curves for caffeine(fig.4b) and triclosan(fig.5b) had r2 values of .9493 and .971 respectively. A standard curve was not made for 17α-ethynylestradiol due to the lamp failure. As research continues and a new bulb is installed, new standard curves will be made to match its intensity level. Higher r2 values will be a strong focus to ensure more accurate quantification. 

Further analysis of caffeine, triclosan, and 17α-ethynlyestradiol in water is also necessary. While a ∆λ was determined for each through excitation, emission, and synchronous scans, it is important that each ∆λ results in the optimum synchronous peak for each compound. The solid compound scans indicate different peak positions than when in water. It can be more difficult to determine peak position in water, as peaks can be wide and compounds can breakdown in water. Caffeine specifically needs to be explored further. The ∆λ110nm results in much less intense peaks than triclosan and 17α-ethynlyestradiol at the same concentrations as seen in figures 2, 3, and 4. It is possible that caffeine may be a less fluorescent compound, or it could be that the ∆λ110nm is not the optimum synchronous peak. The solid scan seen in figure 6b indicates a ∆λ53nm is a better offset, but further analysis in water will have to be done to confirm an optimum ∆λ. 17α-ethynlyestradiol needs to be analyzed further as well. It appears that its excitation and emission peaks are in the same place as the water Raman peak. In order to avoid the water peak, dilutions of 17α-ethynlyestradiol should be made purely in methanol. This will allow a better analysis of peak position without the water peak interfering. 

This research is ongoing, and the method is continually being further developed. The next step is to further analyze peak positions and ∆λ’s for each compound and create new standard curves based on any new parameters. Samples from the inlets, outlets, and deep holes from Pushaw Lake, Sebasticook Lake, and Branch Lake will be analyzed using SFS and standard additions in the same manner as the PSO, SS, and RP samples. In addition, clean sewage effluents will be collected from the Bangor Water Treatment Plant and will be tested within the next day. This will indicate any degradation of the compounds after being passed through the human body. One of the primary contamination sources for lakes would most likely be old septic system leaching. It is important to investigate any changes the compound undergoes to better differentiate between compound and compound byproducts. With known concentration of each added compound, net intensity will be used in the standard curves to generate a concentration estimate of PPCP contaminants. If any PPCPs are found in any of the collected samples, it is crucial to collect further samples and see if there is a persistent problem, or an isolated incident.  This method is an easy way to compensate for carbon fluorescence in order to better detect and quantify PPCPs in the environment.

PPCP contamination in Maine lakes can have serious implications. As discussed above, even low levels of PPCPs can cause harmful health effects in wildlife. In the case of Branch Lake, it is also a public water supply. Any PPCP contamination could be potentially harmful to human health even at low concentrations as discussed earlier. PPCP contamination is not isolated to Maine, or to any specific lake. Therefore, it is crucial that research be conducted on local, state, national, and worldwide levels, to monitor the problem and find a way to improve water quality. 

CONCLUSIONS:

Further research will continue to be conducted to ensure the accuracy of the method. The lake mixture samples demonstrate the effectiveness of using SFS with standard addition as a way to compensate for high carbon fluorescence. By eliminating the barrier created by the carbon, SFS will be able to be used as a method for PPCP contaminant quantification.
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Fig. 1.SFS spectra of caffeine at various offset values





Fig. 3. Excitation spectra of 17α-ethynylestradiol 





Fig. 2b. SFS spectra of triclosan at an offset of 150nm





Fig. 2a. SFS spectra of triclosan at an offset of 50nm





Fig. 5b. Standard curve of triclosan based on synchronous scans





Fig. 5a. SFS spectra of triclosan concentrations at Δλ 50nm





Fig. 4b. Standard curve of caffeine based on synchronous scans





Fig. 4a. SFS spectra of caffeine concentrations at Δλ 110nm





Fig. 7b. Excitation spectra of solid triclosan.





Fig. 7a. Emission spectra of solid triclosan.





Fig. 6b. Synchronous spectra of solid caffeine at various ∆λ.





Fig. 6a. Excitation and emission spectra of solid caffeine.





Fig. 7c. Synchronous spectra of solid triclosan at various ∆λ.





Fig.8a Emission and excitation spectra of solid 17α-ethynylestradiol.





Fig.8b. Synchronous spectra of solid 17α-ethynylestradiol.
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Fig. 9. SFS spectra of Pushaw Lake outlet (PSO) with and without the PPCP mixture at a) ∆λ 110nm, b) ∆λ 50nm, and c) ∆λ 29nm.
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Fig. 10. SFS spectra of PPCP mixture in Stetson Stream (SS) an inlet for Sebasticook Lake. a) ∆λ 110nm, b) ∆λ 50nm, and c) ∆λ 29nm.
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Fig.11. SFS spectra of PPCP mixture in Rocky Pond Stream (RP), an inlet for Branch Lake. a) ∆λ 110nm, b) ∆λ 50nm, and c) ∆λ 29nm.
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