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 ABSTRACT: Bioremediation uses soil microorganisms to degrade polycyclic aromatic hydrocarbons (PAHs) into less toxic compounds and can be performed in situ, without the need for expensive infrastructure or amendments. This review provides insights into the cancer risks associated with PAHcontaminated soils and places bioremediation outcomes in a context relevant to human health. We evaluated which bioremediation strategies were most eﬀective for degrading PAHs and estimated the cancer risks associated with PAHcontaminated soils. Cancer risk was statistically reduced in 89% of treated soils following bioremediation, with a mean degradation of 44% across the B2 group PAHs. However, all 180 treated soils had postbioremediation cancer risk values that exceeded the U.S. Environmental Protection Agency (USEPA) health-based acceptable risk level (by at least a factor of 2), with 32% of treated soils exceeding recommended levels by greater than 2 orders of magnitude. Composting treatments were most eﬀective at biodegrading PAHs in soils (70% average reduction compared with 28−53% for the other treatment types), which was likely due to the combined inﬂuence of the rich source of nutrients and microﬂora introduced with organic compost amendments. Ultimately, bioremediation strategies, in the studies reviewed, were unable to successfully remove carcinogenic PAHs from contaminated soils to concentrations below the target cancer risk levels recommended by the USEPA.
 
 ■
 
 INTRODUCTION Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous contaminants formed through the incomplete combustion of organic matter. Their hydrophobic nature and persistence can ultimately lead to their accumulation in soils, particularly at industrial sites where direct contamination occurs.1 Many PAHs are known or suspected human carcinogens2 and, as a result, 16 parent (unsubstituted) PAHs have been classiﬁed as “priority” pollutants by the U.S. Environmental Protection Agency (USEPA).3 In 1980, the USEPA initiated the Superfund Program to manage the cleanup of contaminated, hazardous waste sites that pose risks to human health and the environment. 4 The cleanup process is complex, from preliminary assessment and site investigation to site reuse and redevelopment,5 and can use any number of cleanup strategies (or combinations of strategies) depending on the level of contamination, the compounds involved, and site characteristics.6,7 Bioremediation is a process that uses microorganisms to facilitate the degradation of PAHs into, ideally, less toxic breakdown products. It is generally considered a safer, cleaner, © XXXX American Chemical Society
 
 more energy eﬃcient, and more economically viable remediation option than alternative technologies, such as incineration or surfactant ﬂushing, because it uses microorganisms in the soil (treatment can be in situ as in land farming or ex situ as in bioreactors) and requires minimal infrastructure and attention.6−8 However, in spite of the beneﬁts, bioremediation is the strategy employed at only 6% of U.S. Superfund sites to treat highly contaminated soils.9 A number of factors, including soil properties (temperature, pH, organic carbon and mineral contents, nutrient accessibility), environmental conditions, contaminant proﬁles, initial concentration,10 microbial populations (number and type), and bioremediation conditions (time, scale, moisture, aeration, and amendments) can inﬂuence the bioremediation outcome; these factors have been addressed in numerous studies and previous reviews.11−13 However, evidence suggests that the Received: June 8, 2017 Revised: July 31, 2017 Accepted: August 10, 2017
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 recommended by the USEPA.60,61 Our novel approach extends beyond summarizing results previously reported in the literature by performing a metadata analysis to calculate changes in ELCR estimates following bioremediation. We collated PAH concentrations in contaminated soils from the literature, both prior to and following various bioremediation treatments, calculated their associated change in ELCR, and compared both the individual PAH concentrations in soil (for the 16 priority PAHs) and ELCR estimates (which represent the cumulative cancer risk associated with the carcinogenic B2 group PAHs) to current USEPA health-based acceptable risk levels. This is the ﬁrst review to evaluate which bioremediation strategies are most eﬀective at degrading the carcinogenic B2 group PAHs and furthermore, to summarize bioremediation outcomes in a context relevant to human health and in a manner reﬂective of current regulatory cancer risk assessment guidelines.
 
 toxicity and/or carcinogenicity associated with the contaminated soils may remain following bioremediation treatment 14−16 and in some cases, even increase, despite concentrations of the parent PAHs decreasing.17−20 The partial degradation of parent PAHs may result in the formation of more polar and toxic byproducts, such as the oxygen-containing PAHs (quinones, ketones, hydroxylated-PAHs etc.).20−24 However, PAH metabolites are seldom measured and their carcinogenicity and behavior in soils are not well understood. Current guidelines recommend monitoring the progress and overall success of bioremediation treatments at U.S. Superfund sites through targeted measurements of the 16 priority PAHs.3 Additional estimates, in the form of total excess lifetime cancer risk (ELCR), may also be calculated to determine projected additional “incidence” rates of cancer in adult populations resulting from ingestion or inhalation exposure to PAHcontaminated soils.25−27 Typically, ELCR estimates are based on the concentrations of only 8 of the 16 priority PAHs classiﬁed as probable human carcinogens (these are the B2 group PAHs containing 4- to 6-rings fused benzene rings) and their carcinogenic potencies relative to benzo(a)pyrene (BaP), which is a commonly used reference compound for toxicity assessments.28,29 However, several studies have shown that soil bioremediation strategies often fail to suﬃciently degrade these carcinogenic PAHs to levels such that the soils are safe for reuse.1,30−36 Furthermore, few studies extend beyond the reporting of chemical-based outcomes of bioremediation treatments (e.g., PAH concentrations and percent degradation) to place bioremediation outcomes in a human health context, using a metric such as the ELCR. Lemieux et al.37 measured the concentrations of PAHs in 10 Swedish soils, from which they calculated ELCR estimates according to Health Canada guidelines.38 When compared to a bioassay approach based on toxicity end points for the same soils, the ELCR provided conservative estimates of cancer risk. To date, many bioremediation studies or culture-based experiments that isolate PAH-degrading bacteria for further development in bioremediation studies are limited because they focus on only one or a handful of parent PAHs.10,22,39−50 The PAHs of choice in these studies are typically the 2- to 4-ringed priority PAHs,10,22,40,41,47 such as phenanthrene39,43−46,48,49,51,52 and pyrene,44−46,48−50 while the 4- to 6-ringed carcinogenic PAHs are often ignored. It is noteworthy that PAHs are not present in isolation in the environment, but occur as complex mixtures of both parent PAHs (including, but not limited to, the 16 priority PAHs) and substituted transformation products, such as the oxygenatedPAHs.17,20−22 Thus, many studies focus on only a few PAHs that are less of a human health concern and have limited environmental relevance, particularly when it comes to assessing carcinogenic potential. Previous reviews regarding bioremediation of PAH-contaminated soils have speciﬁcally focused on the physicochemical, biological, and environmental factors inﬂuencing bioremediation eﬃcacy,1,11−13,53 including the microorganisms (bacteria, fungi, and/or algae) and enzymes participating in PAH degradation,12,13 aspects of PAH bioavailability,11 and various bioremediation treatment and amendment types.1,7,12,13,53−59 Scope of the Review. This review focuses on the cancer risks associated with the bioremediation of PAH-contaminated soils and more speciﬁcally, whether bioremediation suﬃciently reduces the cancer risks associated with contaminated soils to levels below the target health-based acceptable cancer risk levels
 
 ■
 
 CANCER RISK ESTIMATES FOR BIOREMEDIATION TREATMENTS REPORTED IN THE LITERATURE Collation of PAH Concentrations and Percent Degradation Reported in the Literature. Peer-reviewed manuscripts reporting bioremediation treatments for the detoxiﬁcation of PAH-contaminated soils were identiﬁed in Google Scholar and Web of Science databases using search terms such as “soil PAH (bioremediation)”, “biodegradation”, “composting”, “biostimulation”, and/or “bioaugmentation”. Manuscripts were initially screened for relevance and to assess whether they met our selection criteria: (1) manuscripts were published within the past 20 years (post-1997), (2) data pertained to bioremediation of PAH-contaminated soils (not sediments or sewage sludge), (3) PAHs were extracted from soil using exhaustive approaches with organic solvents (e.g., pressurized liquid extraction, sonication, Soxhlet extraction) and quantiﬁed using well-established analytical techniques (e.g., gas or liquid chromatography coupled with mass spectrometry or ﬂame ionization detection), (4) initial soil contamination exceeded a [PAH]total of 50 mg kg−1, (5) concentrations in soil were reported for each individual PAH both pre- and postbioremediation (or a combination of initial concentrations and their associated percent degradation following bioremediation), (6) mean concentrations ± standard deviations (or original replicate data) were reported in tabulated form, and 7) data for at least ﬁve of the eight B2 group PAHs were included (benzo(a)anthracene (BaA), chrysene (Chr), BaP, benzo(b)ﬂuoranthene (BbF), benzo(k)ﬂuoranthene (BkF), indeno(1,2,3-cd)pyrene (Ind), dibenz(a,h)anthracene (DBahA), and benzo(g,h,i)perylene (BghiP)). There were numerous instances where the data reported in the literature failed to meet one or more of our criteria (e.g., data was displayed in ﬁgures, PAH concentrations were combined for 2- to 6-ringed PAHs, standard deviations were omitted etc.), but it was clear that the original (unprocessed) data would meet all the criteria. In these cases, the corresponding authors were contacted if the data had been published more recently than 2010; we explained our objectives and data requirements, and requested their cooperation in providing their original data. If no response was received within 2 weeks of initial contact, a follow-up request was sent. Of the 12 authors contacted (regarding 15 manuscripts), 3 were willing and able to provide the necessary data. Table S1 in the Supporting Information (SI) lists the 26 references that met our criteria and details the properties of the contaminated soils. For each soil remediation treatment, B
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 additional details, such as the bioremediation strategy, time, and amendments were systematically collated (SI Table S2). The percent degradation was calculated based on the pre- and postbioremediation PAH concentrations in soil for each soil treatment (SI Table S3) and for the individual PAHs and treatment types (SI Table S4). Calculation of Cancer Risk for PAH-Contaminated Soils. The USEPA deﬁnes cancer risk as the “incremental probability of an individual to develop cancer over a lifetime as a result of exposure to a potential carcinogen.62” ELCR values were calculated according to current USEPA guidelines and represent estimated excess “incidence rates” of cancer in adult populations exposed via incidental nondietary ingestion (e.g., hand-to-mouth transfer).29 This is a chemical-based approach that assumes cancer risk is additive and a function of the exposure scenario,26 the concentrations of individual PAHs in soil, Ci (mg kg−1), and their relative potency factors (RPFi)28 (eq 1): ⎛ IR· EF· CF· SF· 106 ⎞ n ELCR = ⎜ ⎟ ∑ (Ci·RPF) i BW ⎝ ⎠ i=1
 
 β=
 
 (2)
 
 Ci SDi 2
 
 (3)
 
 2. Generate soil concentrations from the resulting Gamma (α, rate = β) distribution, three each for pre- and postbioremediation samples. A Gamma distribution is an appropriate model for this type of data, because the soil measurements are asymmetrical and bounded by zero. Using the observed mean PAH concentrations and standard deviations (reported in the literature) to compute the Gamma distribution parameters provides us with a statistical model of the PAH concentrations that is consistent with the reported mean and standard deviation.64 Thus, data generated from the Gamma (α, rate = β) distribution is a reconstruction of the actual observed data (for which we do not have individual values). Similar approaches have been used in ﬁelds such as hydrology.65 3. Calculate three pre- and three post-bioremediation ELCR values per soil treatment from the reconstructed data (eq 1). 4. Calculate the mean of the diﬀerences between the preand post-bioremediation ELCR values. For each collated reference, the simulation described above was repeated 10 000 times. To determine whether bioremediation was associated with a statistically signiﬁcant decrease in ELCR, we used our reconstructed data to test the null hypothesis that the mean of the diﬀerences in ELCRs was equal to zero. Speciﬁcally, bootstrapped 95% conﬁdence intervals on the mean of the diﬀerences, taken as the 0.025th and 0.975th percentiles of the mean of the diﬀerences, were calculated. If the bootstrapped conﬁdence interval contained zero, then we failed to reject the null hypothesis (Figure 1). Our reliance on simulation necessitated the exclusion of data for certain individual PAHs in a handful of the references
 
 (1)
 
 where IR is the soil ingestion rate (50 mg d−1), EF is the exposure factor, CF is a unit conversion factor (10−6 kg mg−1), SF is the oral slope factor for BaP (7.3 (mg kg−1 d−1)−1), and BW is body weight (70 kg).63 The EF was calculated based on exposure recommendations, for indoor workers and industrial soil, of 5 days/week and 50 weeks/year over 25 years of exposure, with a life expectancy of 70 years.26,29,62,63 The slope factor is expressed as the proportion of the population aﬀected per mg of BaP ingested per kg of body weight per day and represents an upper estimate of the response per unit of contaminant intake over a lifetime.25 The ELCR is expressed as the number of additional cancer cases expected in an exposed population of one million. Under the current risk assessment framework, only the eight B2 group PAHs identiﬁed as probable human carcinogens were included in the ELCR calculation, details of which are displayed in SI Table S5. The USEPA deﬁnes health-based acceptable cancer risk levels based on a 10−6 incidence for individual carcinogens and a 10−4 incidence for cumulative risk from multiple carcinogens and exposure routes (i.e., the probability of an exposed individual developing cancer during their lifetime ranges between 1 in 10 000 and 1 in 1 million depending on the risk assessment strategy).25,61 Statistical Analyses Performed on Collated Data. Due to the aggregated nature of the collated data (usually reported as mean concentrations ± standard deviations, based on three measured samples both pre- and post-bioremediation), we used standard simulation methods, described in detail below, to reconstruct replicate PAH concentrations in soil from the reported mean and standard deviations. Using the reconstructed PAH concentrations allowed us to compute and statistically compare pre- and post-bioremediation ELCR values (see step 2 below for more detail). A simulation for a single literature source involved the following: 1. Using the mean concentration, Ci, and standard deviation, SDi, calculate the pre- and post-bioremediation α (shape) and β (rate) parameters of a Gamma distribution (eqs 2 and 3).
 
 Figure 1. Mean of the diﬀerences ±95% bootstrapped conﬁdence interval in cancer risk pre- and post-bioremediation from reconstructed PAH concentrations for two soil treatments demonstrating (a) failure to reject the null hypothesis (no diﬀerence in cancer risk pre- and post-bioremediation) and (b) rejection of the null hypothesis (decrease in cancer risk following bioremediation). Each of the 10 000 reconstructed data sets provided three diﬀerences in ELCR pre- and post-bioremediation; the means of these diﬀerences comprise each histogram. C
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 highest mean percent degradation of 74 ± 1%. The percent degradation of ∑16PAH for the other treatment types generally decreased in the order of surfactant (more eﬀective) (55 ± 1%) > biostimulation (46 ± 2%) > bioaugmentation (37 ± 2%) ∼ no additions (36 ± 2%) (least eﬀective) (SI Table S4). Based on the literature to date and our present analysis, bioremediation strategies are typically more eﬀective at removing the 2- to 4-ringed PAHs than the B2 group PAHs.31,68−70 These smaller PAHs are more weakly bound within the soil organic matter and more water-soluble than the hydrophobic 4- to 6-ringed PAHs, which ensures that they are bioavailable to microorganisms in the soil and are ultimately degraded to a greater extent.71 However, removal of the 4- to 6ringed B2 group PAHs is more diﬃcult due to their persistent nature, strong adsorption to organic matter, and limited bioavailability to the microﬂora responsible for their degradation.20,34,71 Furthermore, these compounds are listed as probable human carcinogens and have greater relative carcinogenicity than the 2- to 4-ringed PAHs.29 Thus, the focus of bioremediation “cleanup” treatments, including cancer risk estimates and the analysis methods used to assess the overall success of the treatment, should target the carcinogenic PAHs and/or metabolites that signiﬁcantly contribute to soil carcinogenicity. Reduction in Cancer Risk from B2 Group PAHs Following Bioremediation. Figure 1 illustrates the mean of the diﬀerences (n = 10 000) in pre- and post-bioremediation cancer risk, and the associated 95% bootstrapped conﬁdence intervals from reconstructed PAH concentrations and their respective ELCR values, for two soil treatments; one demonstrating no diﬀerence in cancer risk postbioremediation and one illustrating a signiﬁcant reduction in cancer risk following bioremediation. 160 of the 180 treated soils (89%) exhibited a statistically signiﬁcant reduction in cancer risk following bioremediation (SI Table S3). The average percent reduction in ELCR following bioremediation was highest for composting treatments at 70 ± 2% (Figure 2). No reduction in
 
 because the mean concentrations and/or standard deviations were not reported (e.g., mean of
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