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Abstract 

Cancer is the leading cause of death worldwide, with an estimated 19.3 million new cases 

in 2020 and almost 10 million cancer deaths. Botanical dietary supplements (BDS) are consumed 

more by cancer patients than otherwise healthier patients without cancer to alleviate side effects 

of chemotherapy drugs and/or increase quality of life; up to 80% of cancer patients have reported 

using BDS following their initial cancer diagnoses. However, many patients do not know the risks 

of concomitant use of BDS with anticancer drugs and the possibility for increased AEs, which may 

be life-threatening.  

Euterpe oleracea Mart. (Arecaceae), commonly known as açaí, is a fruit that grows on the 

açaí palm tree native to the Amazon region. Açaí presents many health benefits, the most 

prominent being antioxidant and anti-inflammatory activities. In recent years, it has been 

introduced into the BDS market, and its popularity is steadily rising. Açaí is now among the top 

40 botanicals used in the U.S., and cancer patients increasingly use açaí BDS to complement their 

conventional chemotherapeutic agents. This rise in popularity has also led to challenges regarding 

the quality, safety, and efficacy of açaí fruit products. Our group previously found that both 

passively and non-passively diffused compounds in MeOH açaí fruit extract displayed significant 

inhibition of hepatic CYP3A4 – suggesting potential for interactions between açaí BDS and 

CYP3A4-interactive drugs. Before testing this hypothesis, analytical methods to chemically 

characterize and standardize açaí products prior to in vitro testing are needed.  

The first objective of this work was to develop a chemical fingerprinting method for 

untargeted characterization of açaí samples from a variety of sources, including food products and 

botanical dietary supplement capsules, made with multiple extraction solvents. An optimized LC-
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MS method was generated for in-depth untargeted fingerprinting of chemical constituents in açaí 

extracts. Statistical analysis models were used to describe relationships between the açaí extracts 

based on molecular features found in both positive and negative mode electrospray ionization 

modes. To elucidate the differences in metabolites among açaí extracts from different cultivars, 

we identified or tentatively identified 173 metabolites from the various extracts. Of these 

compounds, there are 138 reported in açaí for the first time. Statistical models showed similar yet 

distinct differences between the extracts tested based on the polarity of compounds present and the 

origin of the source material. A high-resolution mass spectrometry method was generated that 

allowed us to greatly characterize 16 complex extracts made from different sources of açaí with 

different extraction solvent polarities.  

Quantitation of bioactive constituents is a crucial preliminary step before utilizing extracts 

for biological assays so they may be normalized and administered according to a specific 

constituent concentration. Açaí has four main anthocyanin analytes: cyanidin 3-O-glucoside, 

cyanidin 3-O-sambubioside, cyanidin 3-O-rutinoside, and peonidin 3-O-rutinoside. This is the first 

comparison of açaí anthocyanin profiles between fresh fruits, processed powders, and botanical 

dietary supplement capsules. The materials examined shared a similar anthocyanin profile, with 

cyanidin 3-O-rutinoside being the most abundant, followed by cyanidin 3-O-glucoside. Among 

the botanical dietary supplement capsules, the two formulations varied greatly in anthocyanin 

concentration despite both being aqueous extracts. Previous LC-MS methods range from 35-120 

min per injection, while we report a 10 min quantitative method for analysis of anthocyanins in 

various açaí materials that is fast, reproducible, and accurate. The method produced is useful to 

assure the quality, efficacy and safety of food and dietary supplement materials containing açaí. 
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We then tested our chemically standardized açaí BDS extracts for inhibition of hepatic 

CYP3A4. A parallel artificial membrane permeability assay (PAMPA) was utilized to filter 

intestinal passive diffusion of the four extract constituents so that compounds could be tested for 

inhibition of hepatic CYP3A4. Passively and non-passively diffused constituents of extracts from 

PAMPA assays were injected into the LC-MS and characterized for visualization and comparison 

of chemical entities. To elucidate the non-passively diffused compounds responsible for significant 

CYP3A4 inhibition, the Bioactivity – GNPS tool was used to hypothesize which compounds 

within the formulation extract were potentially active to accelerate their identification. We found 

no significant inhibition of CYP3A4 by passively diffused constituents for any extract. There was, 

however, significant inhibition by non-passively diffused constituents of both F1ME and F1AC 

extracts with 50% CYP3A4 inhibition at the donor compartment concentrations 5.764 and 15.58 

ng/mL cyanidin 3-O-glucoside, respectively. Six compounds were predicted to be inhibitors of 

CYP3A4 from F1ME, including betaine and 5 unknown compounds. This indicates that BDS 

containing açaí may not inhibit CYP3A4 through passively diffused compounds. Compounds from 

açaí BDS that inhibit CYP3A4 may be absorbed through other mechanisms, such as transporters. 
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Chapter 1: Introduction 

1.1 BDS usage by cancer patients 

 Cancer is the leading cause of death worldwide, with an estimated 19.3 million new cases 

in 2020 and almost 10 million cancer deaths [1]. Polypharmacy is more likely amongst cancer 

patients and can be as prevalent as 84% [2]. Cancer patients receiving a combination of drugs are 

more likely to experience drug-drug interactions as well as related adverse events (AEs) [3-6]. 

Botanical dietary supplements (BDS) are consumed more by cancer patients than otherwise 

healthier patients without cancer to alleviate side effects of chemotherapy drugs and/or increase 

quality of life [7-10]. Studies have shown that up to 80% of cancer patients have reported using 

BDS following their initial cancer diagnoses [11]. BDS have also been shown to be used by cancer 

patients in hopes of strengthening the immune system, helping them cope with stress, and 

increasing their chance of a cure [12]. Evidence supports that some BDS benefit cancer treatment 

when administered alone [13]. However, concomitant use of BDS with anticancer drugs can be 

precarious when it leads to life-threatening AEs.  

1.2 Botanical-drug interactions 

Most anticancer drugs contain one active pharmaceutical ingredient with a specific 

mechanism of action. BDS have numerous chemical constituents that can interact with various cell 

targets of both healthy and cancerous cells. The enzyme responsible for the metabolism of most 

anticancer drugs is cytochrome P450 isoform 3A4 (CYP3A4), an enzyme predominantly located 

in the liver. In previous studies, it has been found that many interactions between anticancer agents 

and BDS are due to the pharmacokinetic factors generated by the change in functionality or 

expression of CYP3A4 enzymes [14]. The botanical-drug interactions (BDIs) involving anticancer 
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agents that have been previously shown to decrease the effectiveness include those between 

cisplatin and black cohosh (Ranunculaceae Actaea racemose L.), fluorouracil and beta carotene, 

and paclitaxel and quercetin. An additional study has shown an interaction that causes increased 

anticancer agent toxicity when using methotrexate with kava-kava (Piperaceae Piper methylsticum 

G. Forst.) [15].  

1.3 Euterpe Oleracea Mart (Açaí) 

 Euterpe oleracea Mart. (Arecaceae), commonly known as açaí, is a fruit that grows on the 

açaí palm tree native to the Amazon region. Açaí is harvested for various parts of the palm tree 

that provide a wide range of functions. Specifically, the açaí fruits are harvested for multiple 

industries including that of food and cosmetics. Açaí presents many health benefits, the most 

prominent being antioxidant and anti-inflammatory activities. Several compound classes are 

present in açaí that research has shown to be the source of these effects: compounds such as 

anthocyanins, polyphenolic compounds, and flavonoids are of most interest in studying the 

benefits of using açaí as a BDS [16].  

1.3.1 Risk for CYP3A4 interference 

In recent years, açaí has been introduced into the BDS market, and its popularity is steadily 

rising. Açaí is now among the top 40 botanicals used in the U.S., and cancer patients increasingly 

use açaí BDS to complement their conventional chemotherapeutic agents [17, 18]. This rise in 

popularity has also led to challenges regarding the quality, safety, and efficacy of açaí fruit 

products [19]. 
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Upon examination of the U.S. Food and Drug Administration (FDA) Adverse Event 

Reporting System (FAERS) database, our research team found an increased probability for 

vascular AEs when patients used anticancer drugs and BDS containing açaí synchronously, but 

the mechanism of this interaction remains unknown [18]. Then, the FDA Center for Food Safety 

and Applied Nutrition Adverse Event Reporting System (CAERS) was used to find AEs specifying 

the use of açaí dietary supplements together with other products and drugs. Out of the AEs reported 

from January 2004 – December 2019, at least 127 involved BDS containing açaí of which 113 

(89%) were suspect use and 14 (11%) were concomitant use (Table 1). In addition, 20% of all 

symptoms from suspected use AEs and 57% of symptoms of concomitant use AEs were symptoms 

of cardiovascular disorders. Of the 14 AEs in which açaí was used synchronously, these AEs 

required hospitalization for 50% of these occurrences. The symptoms chosen, including chest pain, 

high blood pressure and pulmonary thrombosis, have been previously connected with concomitant 

use of BDS and anticancer drugs [18].  

Our group then examined the potential risk between CYP3A4-interactive cancer drugs and 

açaí and found that both passively and non-passively diffused compounds in methanol açaí fruit 

extract displayed significant inhibition of hepatic CYP3A4 – suggesting potential for interactions 

between açaí BDS and CYP3A4-interactive drugs. 
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Table 1. Symptoms and serious outcomes associated with açaí single ingredient supplements AEs, 

CAERS 2004-2019 [20]. 

Symptom(s)/Serious outcomes Suspect AEsb Concomitant AEsc 

Any Symptoms 113 14 

CV Symptom(s) 23 8 

Heart rate abnormal 2  

Cardiac disorder  2 

Chest pain 7 1 

Heart rate irregular 1 1 

Heart rate increased 4  

Blood pressure increased 1 1 

Blood pressure fluctuation 1 1 

Pulmonary thrombosis  1 

CV Serious Outcomes 23 8 

Death 1 1 

Life-threatening condition 5  

Hospitalization 6 4 

Disability 1  

Intervention to prevent permanent impairment 6 3 

Less serious outcome 4  

a Symptom(s) related to cardiovascular disorders as specified by the reporter and coded by FDA 

according to the MedDRA. 

b Suspect açaí products. Products indicated by the reporter to have “caused a reaction”. 

c Concomitant açaí products taken at the same time as the Suspect product. 
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1.3.2. Risk for UGT inhibition 

UDP-glucuronosyltransferases (UGTs) are a phase II hepatic enzyme responsible for the 

glucuronidation of xenobiotics by electrophilic addition of glucuronic acid. About 55% of the 

majority of prescribed drugs are inactivated by UGTs, including over 70 anticancer drugs [21, 22]. 

UGT inhibition is a clinically significant form of drug-drug interactions that can lead to toxicity. 

An example of a clinically relevant drug interaction is known to occur with UGT1A1, where 

known inhibitors of UGT1A1 could put a patient taking irinotecan at significant risk for bone 

marrow suppression since irinotecan is largely dependent on this UGT for its metabolism (of 

metabolite SN-38) [23]. Many anticancer drugs metabolized by UGTs are also associated with 

cardiovascular AEs. A literature review was performed to examine the extent to which BDIs could 

be caused by the inhibition of UGTs by açaí constituents. First, a search was performed for FDA-

approved anticancer drugs which have been shown to be metabolized by glucuronidation. Then, 

anticancer drugs which were shown to be metabolized by UGTs were investigated for reports of 

AEs related to cardiovascular disease when taken singularly (not in combination with other 

pharmaceuticals). Table 2 shows the results of these searches and supports that many anticancer 

drugs metabolized by UGTs may have serious AEs related to cardiovascular symptoms if taken 

concomitantly with a UGT inhibitor. For example, inhibition of these UGTs by açaí constituents 

could produce cardiotoxicities due to decreased metabolism and increased blood plasma half-life 

of a drug which can cause cardiovascular AEs when taken alone.  
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Table 2. List of anticancer agents metabolized by glucuronidation which are also associated with 

cardiovascular AEs. 

UGT Anticancer drug 

1A1 Axitinib [24, 25], Belinostat [26, 27], Binimetinib [28, 29], Encorafenib [28, 29], 

Etoposide [30, 31], Flavopiridol [32, 33], SN-38 (Irinotecan) [34, 35], Nintedanib 

[36, 37], Panobinostat [38, 39], Raloxifene [40, 41], Tamoxifen [42, 43], Trabectedin 

[38, 44] 

1A3 Axitinib [24, 25], Lorlatinib [29, 38], Panobinostat [38, 39] 

1A4 Abiraterone [45, 46], Acalabrutinib [47, 48], Anastrozole [49, 50], Axitinib [24, 25], 

Bendamustine [48, 51], Ibrutinib [22, 52], Imatinib [53, 54], Trabectedin [38, 44] 

1A6 Methotrexate [55, 56] 

1A9 Axitinib [24, 25], Flavopiridol [32, 33], Fostamatinib [57, 58], Glasdegib [29, 38], 

SN-38 (Irinotecan) [34, 35], Letrozole [49, 59], Panobinostat [38, 39], Raloxifene 

[40, 41], Regorafenib [25, 60], Sorafenib [53, 61], Vandetanib [38, 62] 

2B7 Belinostat [26, 27], Cobimetinib [28, 63], Epirubicin [64, 65], Sorafenib [53, 61], 

Tamoxifen [42, 43], Tretinoin [38, 66] 

UNK Bleomycin [67, 68], Dasatinib [69], Daunorubicin [64], Doxorubicin [64], 5-

Fluorouracil [70], Mitoxantrone [71], Niraparib [38], Pomalidomide [38, 72], 

Ruxolitinib [73, 74], Selinexor [75, 76], Sunitinib [53] 

UNK, unknown which isoform responsible for glucuronidation of anticancer drug.  
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1.4 Importance of chemical characterization and standardization 

Unlike single active pharmaceutical ingredients, natural products are complex mixtures 

which may be known or unknown in their chemical composition and concentration. Extracts from 

botanical natural products should be chemically standardized to certain concentrations of 

bioactive or marker compounds which are unique to a species [77]. The quantitative description 

of these active compounds is essential for reporting the safety and efficacy of the botanicals [78]. 

When performed, standardization allows for the selection and adjustment of dosages of botanical 

natural products which is advantageous for researchers, healthcare professionals, and consumers 

alike [79]. Standardization is a process that allows for reproducibility and rigor, which is required 

by the National Institutes of Health’s (NIH) National Center for Complementary and Integrative 

Health (NCCIH) as part of their Policy on Natural Product Integrity [80]. Many botanical natural 

products are sensitive to changes due to various environmental factors such as temperature, light, 

and other growing conditions which can drastically change the chemical makeup [81]. This 

variability makes quantitation even more crucial because bioactive compounds can change in 

concentration from batch to batch. Chemical characterization and quantitation of compounds in 

açaí fruit purée, raw material, and supplement capsules is a crucial preliminary step to complete 

before utilizing extracts for in vitro and in vivo assays to provide consistency across products. 

1.4.1 Untargeted metabolomics and chemical fingerprinting of botanicals 

For hundreds of years, the prevention and treatment of human ailments have largely relied 

on herbal remedies. Since the year 2020, herbal dietary supplement sales have been the highest 

they have ever been reported, reaching over $10 billion [17]. Plant extracts are often complex 

blends of hundreds of different chemicals with synergistic actions. The quality of botanical 
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products is influenced by several factors and depends on the number of chemical constituents 

occurring and their concentration. Metabolites with even low concentrations may be important for 

the quality, safety and efficacy of the herbal formulation [82]. The chemistry of plants is influenced 

by a wide range of elements, such as genetic diversity, plant ecotype, nutrition, geographic 

location, seasonal fluctuations, stress, as well as post-harvest drying and storage [83].  

To address the variety and quality of plant metabolites, metabolomic fingerprinting of a 

botanical extract is crucial. Examination of product authenticity and the ability to spot adulteration 

may both be aided by obtaining the plant's unique chemical fingerprint [84]. A thorough 

examination of the chemical components of BDS is challenging and time-consuming due to the 

complexity of these materials [85]. A strong tool for separating the various components and 

creating a distinctive profile of the sample is provided by chromatography when used in 

conjunction with an appropriate detection technology to assess the overall pattern [82]. For the 

identification, quality assurance, and authenticity of botanical extracts, chromatographic 

fingerprints are being created.  

1.4.1.1 Methods of chemometric analyses using liquid chromatography-mass spectrometry 

The chromatographic results are subjected to chemometric analysis in order to get pertinent 

data from the plant profile about seasonal, regional, and taxonomic characteristics [84]. It may also 

be used for process improvement, quality assurance, and authentication [84]. Due to the vast 

amount of data that is produced using chromatographic fingerprinting, exploratory data analysis is 

important for identifying general patterns in the data by recognizing potential connections between 

samples and/or variables [82, 84]. The analyses used for this work include principal component 

analysis (PCA), hierarchical clustering analysis (HCA), and similarity analysis (SA) (will also be 
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referred to as correlation matrix). The most popular exploratory method for visualizing and 

reducing the original data's dimensionality while maintaining the greatest amount of data 

variability is PCA [84]. PCA is used to identify outliers and identify sample similarities and 

differences [86]. The goal of the clustering analysis is to identify patterns or clusters in the data 

based on commonalities, such as proximity, correlation, or a mix of both [87]. The method that is 

most frequently employed to examine similarities among chemical fingerprints for botanicals is 

HCA [84]. It organizes the data into a hierarchical structure that reveals underlying patterns and 

relationships within the data. HCA groups similar data points based on their features into clusters, 

displaying as a dendrogram, a tree-like structure. SA is a suitable approach for assessing the 

similarity or difference between individual fingerprints [88]. It quantifies the proximity or 

closeness between objects within a dataset, offering a numerical value that quantifies the degree 

of similarity or dissimilarity between two objects. These statistical analyses will help us to describe 

well our botanical extracts for this study.  

1.4.1.2 Chemical characterization of açaí extracts 

 In the past, many compound classes have been reported in açaí. Açaí fruits have previously 

been unattainable outside of Brazil, therefore this is the first report of having fresh, whole fruits in 

the U.S. for chemical and biological studies [89]. Açaí pulp's lipid composition accounts for half 

of its chemical makeup, which is partly why it is categorized as an energy-dense food. Even though 

this is the case, few fatty acids have been identified in açaí fruit pulp extracts. Açaí fruits, seeds, 

and leaves have been somewhat chemically characterized in the past and have been found to 

contain predominantly flavonoids, non-flavonoid phenolic compounds, lignoids, and fatty acids 

[85, 90-103]. Other compound classes that have been found in açaí include terpenes, tannins, 
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lignans, stilbenes, quinones, and norisoprenoids [16]. Amino acids and carbohydrates as well as 

vitamins and minerals have also been found in açaí fruits as part of their nutrient profile [90, 104]. 

1.4.2 Standardization of açaí extracts for in vitro assays 

 Anthocyanins are flavonoid glycosides with a 4-hydroxyflavilium ion. These have been 

identified as the components that determine the vibrant purple, red, and orange hues of many fruits 

and vegetables, as well as the antioxidant properties of açaí [90]. Açaí has four characteristic 

anthocyanin analytes: cyanidin 3-glucoside (1), cyanidin 3-sambubioside (2), cyanidin 3-

rutinoside (3), and peonidin 3-rutinoside (4) (Figure 1) [19, 85, 96, 98]. While some botanical 

natural products containing açaí are standardized to total polyphenol or total anthocyanin content, 

we are standardizing to a specific amount of cyanidin 3-glucoside because it has been previously 

quantified in human plasma after açaí pulp or purée consumption (1.138 – 2.321 ng/mL) [105]. 

Thus, the complete identification and quantification of the anthocyanin compounds present in 

commercially available plant raw materials, conventional preparations, and BDS is a requirement 

for in vitro studies to meet these concentrations. 
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Figure 1. Structures of anthocyanins, cyanidin 3-glucoside (1), cyanidin 3-sambubioside (2), 

cyanidin 3-rutinoside (3), and peonidin 3-rutinoside (4). 
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1.4.3 Quantitation of anthocyanins by LC-MS 

 In past literature, there has been a variety of columns and methods used to identify these 

anthocyanins with liquid chromatography-mass spectrometry (LC-MS) using electrospray 

ionization (ESI) [85, 95, 96, 98, 106, 107]. However, previous methods using ESI-MS as the 

detector range from 35-120 minutes per injection. These methods with long run times make the 

quantitation of a large number of samples very difficult and time consuming. In this study, we 

report a 10-minute quantitative method for anthocyanins in various açaí materials that is fast while 

remaining reproducible, sensitive, and accurate. As part of a project to study the potential for BDIs, 

our goal was to enhance our previously published method for quantifying major anthocyanins in 

açaí. This method was then employed to describe the anthocyanin variability between açaí fruits, 

powders, and BDS capsules, ultimately, to identify if fresh fruits from Hawaii would exhibit 

similar anthocyanin profiles to commercial products containing fruits originating from Brazil. 

1.4.4 Tools for identification of bioactive compounds from complex mixtures 

 It is not enough to know that a plant extract inhibits a drug-metabolizing enzyme, but 

further research should be done to elucidate which compounds from a complex mixture are 

responsible for the inhibition. The current method for the discovery of bioactive natural products 

is bioassay-guided fractionation. This process requires numerous and laborious tasks such as 

extraction of metabolites using solvents, chromatographic fractionation of the extract, screening 

of each fraction for bioactivity, isolation and identification of bioactive compounds, and 

verification of the isolated compound bioactivity [108]. Bioassay-guided fractionation often 

results in fractions that have lost their bioactivity due to compound degradation during purification 

or failure in isolation of the bioactive compound due to the low concentration of the analytes [109]. 
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Computational approaches have played an increasingly prominent role in natural product-

based drug discovery. One tool that natural product researchers use to generate molecular networks 

is the Global Natural Product Social Molecular Networking (GNPS) coupled with bioactivity to 

predict bioactive compounds [109]. Bioactive molecular networks (BMN) visualize and predict 

potential known and unknown chemical compounds with high bioactivity within chemical families 

based on having similar tandem mass spectrometry (MS/MS) fragmentation patterns [110]. Using 

feature-based molecular networking (FBMN) is more accurate and concise than traditional 

Classical Molecular Networking due to its ability to differentiate isomers with similar MS/MS 

spectra and integrate relative quantitative information [111, 112]. FBMN can also be combined 

with a bioactivity score that allows for the generation of a hypothesis for which compounds are 

bioactive. A bioactivity score can be any measure of therapeutic effect such as an IC50, minimum 

inhibitory concentration, or measure of targeted metabolite/genetic material concentration field 

[109]. Our group has recently accomplished the automation of combining GNPS with bioactivity 

by designing an integrated dashboard that includes the necessary tools for creating a bioactive 

molecular network including MZmine2, GNPS, and Cytoscape [113]. MZmine2 is used for pre-

processing the data for FBMN and includes filters for noise, duplicate peaks, and isomers. This 

pre-processing software is preferred over others because it is the most universally used across 

multiple fields of research [114]. Cytoscape is an open-source platform used for network 

visualization that can clearly show which compounds are known and/or bioactive [109, 115]. Even 

if an extract is not bioactive, all extracts will be used for this objective so that the tool can filter 

out compounds from the non-bioactive extracts to help determine unique compounds from extracts 

that are bioactive. These networks enable efficient compound discovery by guiding targeted 

isolation and accurate hypothesis generation of novel bioactive constituents. 
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In order to elucidate which compounds in açaí BDS may cause interactions with CYP3A4, 

our group will be using our previously published automated workflow for the bioactive compound 

identification [113]. The bioactive networking workflow is a multi-step process requiring many 

different bioinformatics tools. The automation tool streamlines each step of this workflow to make 

it much faster and more user-friendly with a straightforward user interface. Some successful uses 

of this workflow include bioactive compound identification from guava (Myrtaceae Psidium 

guajava L.), isolation of neuroprotective natural products in Chinese sweet plum (Rhamnaceae 

Sageretia theezans (L.) Brongn) extracts, identification of bacterial metabolites from the 

actinomycete genus Planomonospora (Streptosporangiaceae), discovery of monoterpene indole 

alkaloids found in Asegai tree (Apocynacaea Alstonia balansae Guillaumin), and in the 

comparison of the diterpene ester profiles of grey hedgehog (Euphorbiaceae Euphorbia pithyusa 

L.), and Euphorbia cupanii Guss. (Euphorbiaceae) [116-120]. This workflow is useful in a wide 

range of different areas for identifying and discovering compounds and metabolites, and this will 

be the first time it will be used to predict chemical constituents responsible for BDIs. This study 

aims to assess potential for BDIs involving CYP3A4 inhibition by açaí in vitro and subsequently 

identify the compounds responsible for inhibition using the newly automated Bioactivity – GNPS 

tool.  
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Chapter 2. Materials and Methods 

2.1 Chemicals and reagents 

All solvents used were LC-MS grade and purchased from Fisher Scientific (Fair Lawn, NJ, 

USA). Coumarin, cyanidin 3-O-glucoside chloride, dimethyl sulfoxide (DMSO), EDTA, 

isovanillic acid, isovitexin, KH2PO4, kaempferol, MgCl2, Na2HPO4, NADPH, naringenin, 

oleamide, oleic acid, palmitic acid, quercetin 3-glucoside, Trizma® hydrochloride (Tris HCl), 

UDPGA and LC-MS grade formic acid (FA) were purchased from Sigma-Aldrich (St. Louis, MO, 

USA). Cyanidin 3-O-rutinoside chloride (98%) was purchased from INDOFINE Chemical 

Company, Inc. (Hillsborough, NJ, USA). Cyanidin 3-O-sambubioside chloride, peonidin 3-O-

glucoside chloride, and peonidin 3-O-rutinoside chloride were purchased from 

EXTRASYNTHESE (Genay, France). Chrysoeriol, gallic acid, orientin, taxifolin, and vitexin 

were purchased from Chromadex (Los Angeles, CA, USA). Additional analytical standards 

purchased include catechin from Ambeed (Arlington Heights, IL, USA), dihydrokaempfrol from 

Carbosynth (San Diego, CA, USA) and quercetin and acacetin from TargetMol (Boston, MA, 

USA). Internal standard (IS) reserpine (>99%) was purchased from Agilent Technologies (Little 

Falls, DE, USA). Alamethicin, chenodeoxycholic acid 24-acyl--D-glucuronide, beta-Estradiol 3-

(-D-glucuronide) sodium salt, propofol -D-glucuronide, serotonin -D-glucuronide, and 

trifluoperazine N-glucuronide were purchased from Cayman Chemical Company (Ann Arbor, MI, 

USA). Naloxone 3--D-glucuronide was purchased from Toronto Research Chemicals (North 

York, ON, CA). IS chlorpropamide was purchased from 1PlusChem (San Diego, CA, USA). IS 

13C3-1′-hydroxymidazolam was bought from Corning (Woburn, MA, USA). Genotyped HLM 

(Product no. 456202) and Corning BioCoat Pre-coated PAMPA Plates (Cat. No. 353015) were 
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sourced from Corning® Life Sciences (Tewksbury, MA, USA). Gentest® Insect Cell Control 

Supersomes™ (Product no. 456200) were sourced from Discovery Life Sciences (Huntsville, AL, 

USA). All the chemical standards listed above were purchased at LC-MS grade purity or at least 

97% by LC-MS. 

2.2 Selection and authentication of açaí fruits, raw materials, and capsules 

Certified organic açaí berry powder (MR) (Catalog no. AÇAÍ4, Lot #26579) was supplied 

by Mountain Rose Herbs (Eugene, OR, USA) in the quantity of 10 kilograms. This powder was 

chosen due to its representative nature of what most individuals are consuming when eating açaí 

food products such as smoothies. The fruit pulp was freeze dried with 0.4% lime juice added for 

acidification and stability. Verification of sample was performed by Alkemist Labs (Costa Mesa, 

CA, USA) by high performance thin-layer chromatography through comparison to reference 

samples. The MR powder was stored at 4ºC in light resistant bags until time of extract preparation.  

Euterpe oleracea Mart. fruits were collected by Jeff Marcus on April 15, 2021, at 

Floribunda Palms and Exotics (Mt. View, HI). The fruits were taxonomically authenticated by 

Andrew Henderson from the New York Botanical Garden and the voucher specimen #04272225 

has been deposited at the New York Botanical Garden. Upon arrival to the lab, açaí fruits were 

rinsed with deionized water to remove debris and potential contaminant growth before being stored 

at -80ºC. In alignment with the preparation of açaí for traditional use in Brazil, Euterpe oleracea 

Mart. fruit purée (EO) was made in the lab by warming the fruits in deionized water at 40ºC for 

one hour. After warming, pre-soaked berries were de-seeded, and the outer shell layer was puréed 

with the warm soaking water using a blender. This aqueous extract was lyophilized until powder 

dry to make açaí fruit powder. From 750 g of dry fruits, 71.11 g of fruit powder was obtained.  
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Two U.S. manufacturers of dietary supplement capsules containing aqueous extracts of 

açaí two separate lots from each in 2019 and 2022 have been supplied or purchased from Nature’s 

Way (NW) (Green Bay, WI, USA, 2019 batch #20099227 and 2022 batch #20137327) and Natrol 

(Chatsworth, CA, USA, 2019 lot #2070593 and 2022 lot#2086344). The BDS capsules will be 

referred to as F1 (NW 2019), F2 (Natrol 2019), F3 (NW 2022), and F4 (Natrol 2022). These two 

supplement brands were chosen based on Amazon market reports (2019) in addition to the 

commercial availability for consumers both online and in retail pharmacies. F1 capsules contain 

1,040 mg of açaí extract per serving, which has been standardized to 10% polyphenols or 104 mg. 

F3 capsules also contain 1,040 mg of açaí extract per serving; however, this batch has been 

standardized to 2% polyphenols or 20.8 mg. Both the F2 and F4 capsules contain 1000 mg of açaí 

extract per serving, which was extracted with water in a 4:1 ratio of açaí berry to water. Both 

supplements include other ingredients, silica, and magnesium stearate, and F1 additionally 

includes maltodextrin. Product integrity dossiers are kept at the Calderón Laboratory for all herbal 

extracts, plant materials, and botanical dietary supplement capsules.  

2.3 Preparation of açaí extracts 

2.3.1 Extraction of açaí whole fruit 

Açaí purée (EO) was weighed out and extracted by acidic methanol (acMeOH, MeOH:H2O 

70:30, 0.1% HCl v/v), 95% ethanol, methanol (MeOH), and water individually. These extracts will 

be referred to as EOAC, EOET, EOME, and EOAQ, respectively. Powders were added to 

Erlenmeyer flasks and solvent was added until the powder/solvent ratio was 40 g/L. Materials were 

extracted for 24 hours with gentle shaking at 75 rpm at 25°C. Organic extractions were performed 

twice, while aqueous extraction was performed only once to avoid the risk of microbial 
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contamination. The extracts were filtered with Whatman filter paper no. 1 and all extracts were 

rotary evaporated and nitrogen dried before lyophilization except for aqueous extracts which were 

lyophilized only. Açaí purée yielded 12.03%, 17.20%, 17.46%, and 18.76% for EOAQ, EOAC, 

EOME, and EOET extracts, respectively. All dried extracts were stored at -20°C until use. 

2.3.2 Extraction from plant powder 

Açaí raw materials (MR) were weighed out and extracted in same manner as described in 

2.3.1 Extraction of açaí whole fruit. MR was weighed out and extracted by acMeOH, 95% ethanol, 

MeOH, and water individually. These extracts will be referred to as MRAC, MRET, MRME, and 

MRAQ, respectively. Açaí raw material had yields of 12.03%, 17.02%, 17.46%, and 18.76% for 

MRAQ, MRAC, MRME, and MRET extracts, respectively. All dried extracts were stored at -20°C 

until use. 

2.3.3 Extraction from capsules 

For MeOH extracts of F1 and F2 (commonly F1ME and F2ME), the powder obtained from 

5 capsules of each formulation were extracted with 50 mL of MeOH three times. The MeOH 

extracts were combined and centrifuged at 4000 rpm and 4°C for 20 minutes. The produced 

supernatant was filtered through 0.45 µm PTFE syringe filters, dried under 218 mbar at 40 °C, and 

further dried by nitrogen evaporation and lyophilization. The yields were 22.2% (w/w) for F1ME 

and 11.0% (w/w) for F2ME. For acMeOH extracts, the powder from 5 capsules from each 

formulation was extracted twice with 25 mL of acMeOH to generate our F1AC and F2AC extracts. 

The procedures that followed match that of the MeOH extracts. The yields of acMeOH extracts 

were 19.3% (w/w) for F1AC and 18.6% (w/w) for F2AC. All dried extracts were stored at -20°C 

until use. 
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For extracts of F3 and F4, powder obtained from 120 capsules each were weighed out and 

extracted in same manner as described in 2.3.1 Extraction of açaí whole fruit. Açaí BDS extracts 

were extracted with either acMeOH (F3AC and F4AC) or MeOH (F3ME or F4ME). The 

extractions had yields of 18.51%, 37.05%, 43.21%, and 11.21% for F3AC, F3ME, F4AC, and 

F4ME extracts, respectively. All dried extracts were stored at -20°C until use. 

2.4 Chemical fingerprinting  

2.4.1 Method development  

For each extract, four biological replicates were made for each açaí extract for a total of 64 

samples. Dried extracts were reconstituted at 1 mg/mL in acMeOH and sonicated for 10 minutes 

prior to centrifugation for 10 minutes at 8000 rpm and 4°C. Supernatants were then syringe filtered 

with 0.22 µm PTFE filters to remove and insoluble particulates. A pooled sample was generated 

to use for quality control (QC) that was made by mixing equal parts of all 64 samples. The chemical 

fingerprinting method was generated by running this QC sample with a variety of mobile phases, 

gradient elutions, and columns. When the optimal conditions were found, the method was tested 

for interday and intraday reproducibility by running the same sample for multiple injections both 

in the same day and on multiple different days.  

For the chemometrics analysis, samples were injected randomly across the worklist. The 

QC sample was injected every 5 injections to allow for retention time (RT) alignment and for 

internal mass calibration using a reference mass solution. Extract samples were analyzed using a 

2.1 x 100 mm, 2.7 µm Poroshell 120 EC-C18 (Agilent Technologies, New Castle, DE). The flow 

rate was set at 0.35 mL/min, the sample injection volume was 10 µL, the acquisition rate was set 

at 1.41 scans, and complete mass scanning ranged from m/z 100–1000. MS conditions were 
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optimized with capillary voltage 3200 V and 3400 V for positive mode ESI (ESI+) and negative 

mode ESI (ESI-), respectively; drying gas temperature 350°C, fragmentor voltage 175 V, and 

skimmer 65 V. Nitrogen was supplied as a nebulizing gas at 25 psi and as a drying gas at 10 L/min. 

LC separation for açaí extract samples was conducted with a gradient mobile phase consisting of 

(A) water, 0.1% FA and (B) MeOH, 0.1% FA. The linear gradient was: 0 min, 15% B; 6 min, 65% 

B; 15 min, 80% B; 25-40 min, 95% B, 45 min, 15% B with a 5-minute post-time for re-

equilibration. The column temperature was set to 25°C. Both ESI+ and ESI- were utilized. The 

same method was utilized for MS/MS acquisition, with the addition of collision energies of 10, 

20, and 40 eV to gain fragmentation information.  

2.4.2 Data Analysis 

2.4.2.1 Statistical Analysis 

MassHunter Profinder (Agilent Technologies, Little Falls, DE) software was used for data 

pre-processing prior to statistical analyses. Batch recursive feature extraction for small 

molecules/peptides was used to align compound features in the 64 extract samples plus a matrix 

blank. The peak height threshold was set to a signal-to-noise ratio (S/N) of 10.0 for both positive 

and negative features. For each polarity dataset, manually established parameters including ion 

species, mass filters, RT, mass tolerances, scoring, and grouping are listed in Table 3. Compounds 

found in the matrix blank were excluded. The compound groups and abundances in height were 

exported in CSV format prior to statistical analysis in RStudio.  

In the abundance data, we observed numerous zero abundances under specific RT and mass 

spectra conditions. To remove redundant features, we implemented a preprocessing step focusing 

on RT and mass spectra with significant non-zero abundances. Specifically, we conducted feature 
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selection by detecting peaks in abundance. Initially, we identified 100 peaks for each sample, 

counted the occurrence of each feature recognized as a peak, and sorted them. Subsequently, we 

retained the first 100 features that were most frequently identified as peaks across 64 samples. For 

each selected feature, we recorded the corresponding abundance value. The processed dataset, 

which includes abundances associated with the identified mass spectra and RT, was then subjected 

to further statistical analysis. 

PCA is a commonly employed technique for significantly reducing the dimensionality of 

the dataset while retaining maximal information, particularly in the case of complex datasets [84]. 

Consequently, we applied PCA to the reconstructed dataset. After applying PCA, the reconstructed 

data matrices were reorganized and compressed into a set of principal components (PCs). Each PC 

was derived via a linear combination of variables from the original dataset, with the loading 

coefficients of PCs indicating the importance of each original variable. To visualize the 

relationships among the 16 classes, we utilized biplots for the PCs, creating two-dimensional 

scatter plots. Additionally, considering the proportion of variance explained by each PC, we 

selected the first eight PCs as new variables for the subsequent analysis. 

HCA is used to explore similarity relationships between objects [84]. The result can be 

visualized using heat maps and dendrograms. In this study, we utilize the Euclidean distance metric 

to measure the similarity among 64 samples and 100 selected features from the reconstructed 

dataset respectively. A complete agglomeration method is employed for clustering. Specifically, 

at the beginning of the process, each sample/feature is treated as a cluster of its own. Then, these 

clusters are sequentially combined into larger clusters based on distance until all elements 

ultimately belong to a single cluster. 
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Table 3. Batch Recursive Feature Extraction method parameters used in Agilent MassHunter 

Profinder software. Reported parameters are those that have been changed from the default values 

for Batch Recursive Feature Extraction for small molecules/peptides. 

Parameter Name ESI+ Ions ESI- Ions 

MFEa – Extraction Parameters 

Peak Filters: Signal-to-Noise 10.0 10.0 

Allowed Ion Species +H, +Na, +K -H, +Cl, +HCOO 

Allowed Neutral Losses -[H2O], -[CH3] -[H2O], -[CH3] 

Isotope Model Common organic (no halogens) Common organic (no halogens) 

Charge State 1-2 1-2 

Compound Binning and Alignment 

RT tolerance ± (0.00% + 0.15 min) ± (0.00% + 0.15 min) 

Mass tolerance ± (20.00 ppm + 2.00 mDa) ± (20.00 ppm + 2.00 mDa) 

MFE – Post-Processing Filters 

Absolute height 5000 counts 2500 

Score (MFE) 70.00 70.00 

Minimum Filter Matches 2 file(s) in at least one sample 

group 

2 file(s) in at least one sample 

group 

Limit to largest N/A 4000 compound groups 

Find by Ion – Match Tolerances and Scoring 

Masses ± 20.00 ppm  ± 20.00 ppm  

Retention times ± 0.150 minutes ± 0.150 minutes 

Low Score Matches: Warn if 

score 

< 75.00 < 75.00 

Low Score Matches: Do not 

match if score is 

N/A < 70.00 

Find by Ion – EICb Peak Integration and Filtering 

Filter on Peak height Peak height 

Absolute Height ≥ 3000 counts ≥ 1,500 counts 

Find by Ion – Post-Processing Filters 

Absolute height N/A 2500 counts 

Score (Target) ≥ 50.00 ≥ 50.00 

Minimum Filter Matches 2 file(s) in at least one sample 

group 

2 file(s) in at least one sample 

group 
aMolecular Feature Extraction   
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bExtracted Ion Chromatogram  

 

2.4.2.2 Qualitative analysis and metabolite identification 

Annotation confidence was obtained according to criteria for chemical analysis previously 

reported by Alcazar Magana et al. [121]. For Level 1 (L1) annotations, accurate mass, fragment 

ion pattern similarity, and RT were employed based on authentic commercially available 

standards. For tentative identifications (Level 2 or L2), exact mass, isotopic pattern and spacing, 

and MS/MS fragmentation data were used with the following thresholds to be met: (1) accurate 

mass was to be detected with deviation less than 5 ppm, (2) isotopic pattern and spacing is above 

90%, and (3) MS/MS fragmentation similarity is above 70% when compared to library spectra. It 

is vital to note that these compounds are only putative annotations and will need to be further 

validated in subsequent studies if they are believed to have biological activity. 

Data analysis including molecular feature extraction, molecular formula and fragment 

formula generation, and database searching was performed using MassHunter Qualitative Analysis 

software ver. B.10.00 and ChemVista library manager including METLIN™ and Agilent 

LCQTOF Applied Markets Personal Compound Database and Library (PCDL). Compound 

fragmentation data was also uploaded to SIRIUS+CSI:FingerID version 5.8.2 for MS/MS library 

searching using obtained spectra in the following libraries: Biocyc, CheBI, COCONUT, HMDB, 

HSDB, KEGG, KNApSAck, MaConDa, MeSH, NORMAN, Natural Products, Plantcyc, 

PubChem, YMDB, and Zinc Bio [122, 123]. Additional compounds were found as matches 

through Classical Molecular Networking in GNPS.  
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2.5 Anthocyanin quantitation 

2.5.1 LC-ESI-MS method development  

Agilent 6520 Q-TOF mass spectrometer with a 1220 rapid resolution liquid chromatography 

system was used for quantitation of anthocyanins on an Agilent 2.1 x 100 mm, 2.7 µm Poroshell 

120 SB-C18 column (Little Falls, DE, USA). The flow rate was set at 0.35 mL/min, and the sample 

injection volume at 10 µL while the acquisition rate was 1.41 scan/s with the complete mass 

scanning range from m/z 100–1000. The MS conditions were optimized with ESI+-MS analysis 

performed at a capillary voltage 3400 V; drying gas temperature 350 °C; fragmentor voltage 175 

V and skimmer 65 V. Nitrogen was supplied as a nebulizing gas at 25 psig and as a drying gas at 

10 L/min. MS/MS experiments were conducted with a collision energy of 15 and 30 eV. LC 

conditions consisted of a gradient mobile phase with (A) water containing 0.1% FA and (B) 

MeOH:acetonitrile (ACN) (50:50) containing 0.1% FA. The gradient was optimized to 0-1 min, 

5% B; 1-5 min, 5-99% B; 5-6 min, 99-5% B; 6-10 min, 5% B. The column temperature was 25°C. 

All standards and standard solutions were injected in triplicate. Reserpine was used as an IS at 50 

ng/mL. Qualitative and quantitative LC-MS data were analyzed using MassHunter Qualitative 

Analysis software ver. B.10.00 and MassHunter Quantitative Analysis software ver. B.08.00 

(Wilmington, DE, USA). 

2.5.2 Preparation of calibration curves 

 Individual stock solutions of cyanidin 3-glucoside (1), cyanidin 3-sambubioside (2), 

cyanidin 3-rutinoside (3), and peonidin 3-rutinoside (4) were prepared in MeOH at 10 mM 

concentration. Serial dilutions of standard stock solutions were prepared in MeOH and water 

(70:30, 0.1% FA) to afford concentrations ranging from 0.0011-2.24, 0.0014-2.90, 0.0014-2.97, 
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and 0.0014-3.04 ug/mL, for 1, 2, 3 and 4 respectively. All samples were spiked with a fixed amount 

of reserpine (50 ng/mL) as the IS. The powdered samples were stored at -20°C until use. The liquid 

samples used for interday and stability studies were stored at -80°C between analyses.  

2.5.3 Validation of method  

 The modified LC-ESI-MS method was validated for linearity, accuracy, and precision. The 

linearity of the method was evaluated by triplicate analysis of standard solutions from 0.002 µM 

to 5 µM (concentrations of each analyte described in Preparation of calibration curves). A 

calibration curve, lower limit of detection (LLOD) and lower limit of quantitation (LLOQ) for 

each standard were generated through injecting series of serial dilutions of known concentrations 

and use of MassHunter Quantitative Analysis software. Accuracy of the method was assessed 

through recovery experiments in which samples were spiked with 0.1 µM of anthocyanin standards 

and analyzed five days apart to assess intraday (0 day) and interday (2 and 4 day) accuracy and 

reproducibility. The percent accuracy of the method was calculated by dividing the mean measured 

concentration by the nominal concentration and multiplying by 100%. Dilutions of samples were 

performed for extracts whose analytes exceeded the linearity range. 

2.6 Assessment of açaí BDS extracts for CYP3A4 inhibition 

2.6.1 PAMPA assay 

 The physiologically relevant concentration range to test açaí extracts for CYP3A4 

inhibition has been determined based on a human pharmacokinetic study where a single oral dose 

of açaí pulp produced a maximum plasma concentration (Cmax) of cyanidin 3-O-glucoside (CG) of 

2.321 ng/mL [105]. Therefore, our extracts were made in concentrations of 1.59 – 1000 ng/mL of 
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CG in the donor side of the parallel artificial membrane permeability assay (PAMPA). These 

concentrations contain the 2.321 ng/mL plasma concentrations for pulp while accounting for 

typical intestinal concentrations prior to absorption mechanisms, overexposures, and variability 

among commercialized extracts. 

 The PAMPA plate was warmed to room temperature for at least 30 minutes prior to use. 

The donor compartment of the 96-well microplate system simulated intestinal content pre-

absorption, while the acceptor compartment simulated passively absorbed compounds. A serial 

dilution of açaí extract solution (25 µg/µL to 0.195 µg/µL) was prepared in PAMPA buffer (0.014 

M KH2PO4 and 0.054 M Na2HPO4, pH 7.4) with an optimized DMSO concentration of 0.417%. 

Açaí extract solution (300 µL/well) was added in the receiver plate (donor), and PAMPA buffer 

(200 µL/wells) was added to wells in the pre-coated filter plate (acceptor). The filter plate was 

then coupled with the receiver plate and the plate assembly was incubated at room temperature 

and/or 37°C for 5 hours without shaking or with shaking at 75 rpm. For shaking, two different 

shakers were used (Shaker 1: Thermo Scientific MaxQ™ 5000 Floor-Model; Shaker 2: Beckman 

Coulter Biomek 4000 Automated Liquid Handler using Inheco Single Temperature Control). At 

the end of the incubation, the plates were separated and the contents in the donor compartment 

plate were stored directly, whereas contents from the acceptor compartment were transferred to a 

new 96-well clear microplate for storage and subsequent studies.  

2.6.2 CYP3A4 inhibition assay 

 CYP3A4 enzymatic reaction matrices contained permeable (acceptor side) and non-

permeable diffused (donor side) compounds of açaí extracts from PAMPA plates and 0.2 mg/mL 

single donor human liver microsome (HLM) CYP3A5*3*3 (nonexpresser used to assess only 
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CYP3A4 activity) from various manufacturers in inhibition buffer (5 mM MgCl2 and 1 mM EDTA 

in 100 mM potassium phosphate buffer, pH 7.4). Ketoconazole (10 µM) was used as a positive 

control in place of açaí extract, while DMSO control from PAMPA plates was used as a negative 

control to delineate the CYP3A4 inhibition effect of açaí extracts from DMSO. Midazolam (gold 

standard probe for CYP3A4/5 activity) stock solution prepared in MeOH:buffer (30:70 v/v) was 

added at its Km concentration (3 µM) [124]. The reaction mixtures were preincubated at 37°C for 

10 min. with shaking (75 rpm), after which the reactions were initiated by the addition of 1 mM 

NADPH and incubated at 37°C with shaking (75 rpm for 15 min.). Reactions were stopped by the 

addition of 20 µL water/ACN/FA (92:5:3, v/v/v) with stable isotope labeled IS (13C3 1'-

Hydroxymidazolam, 1.0 µM) to minimize the error generated from dilution bias. Subsequently, 

reaction mixtures were vortexed for 1 min. and centrifuged at 8,000 x g at 4°C for 15 min. The 

filtrates were 10-fold diluted with water containing 0.1% FA and subjected to LC-MS analysis to 

quantitate the production of metabolite 1'-hydroxymidazolam. 

 Briefly, Agilent 6520 Q-TOF mass spectrometer with a 1220 rapid-resolution liquid 

chromatography system was used for the quantitation of 1'-hydroxymidazolam. Nitrogen was used 

as a nebulizing gas at 25 psi and as a drying gas at 10L/min. LC conditions consisted of a gradient 

mobile phase with (A) water containing 0.1% FA and (B) MeOH containing 0.1% FA. Detection 

was performed in ESI+. The ratio of the peak areas of IS and metabolites produced by LC-MS and 

other calculations were performed using Microsoft® Excel. Log dose-response curves and half 

maximal inhibitory concentration (IC50) values were calculated using GraphPad Prism 5.02 

software (GraphPad Software). 
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2.6.3 LC-MS permeability profiling of BDS extracts 

 The permeability of açaí compounds was analyzed as previously reported with the 

following exemptions [125]. At the end of the 5-hour incubation period, wells of the same 

concentration from either the acceptor or donor plates had their contents removed and pooled. 

Pooled samples each had MeOH and FA added until the concentration reached the concentration 

of the previously described acMeOH solution. A portion of the supernatant was removed and 

injected into the LC-MS with the same method as below in 2.6.4 except for an additional time 

segment where the flow from 0-2 min was diverted to waste to avoid buffer salts entering the MS 

source. LC-MS analysis was performed with triplicate injection in both ESI+ and ESI-.  

2.6.4 Prediction of CYP3A4 inhibitors from F1ME 

 Each BDS extract was dissolved at a standardized concentration of 1000 ng/mL of CG in 

an acMeOH solution and analyzed in triplicate on a 2.1 x 100 mm, 2.7 µm Poroshell 120 EC-C18 

(Agilent Technologies, New Castle, DE). The flow rate was set at 0.35 mL/min, the sample 

injection volume was 10 µL, the acquisition rate was set at 1.41 scans, and complete mass scanning 

ranged from m/z 100–1000. Both ESI+ and ESI- were utilized. MS conditions were optimized with 

capillary voltage 3200 V and 3400 V for ESI+ and ESI-, respectively; drying gas temperature 350 

°C, fragmentor voltage 175 V, and skimmer 65 V. Nitrogen was supplied as a nebulizing gas at 25 

psi and as a drying gas at 10 L/min. LC separation for açaí BDS extract samples was conducted 

with a gradient mobile phase consisting of (A) water, 0.1% FA and (B) MeOH, 0.1% FA. The 

linear gradient was: 0 min, 15% B; 6 min, 65% B; 15 min, 80% B; 25-40 min, 95% B, 45 min, 

15% B with a 5-minute post-time for re-equilibration. The column temperature was set to 25°C. 
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The same method was utilized for MS/MS acquisition, adding collision energies of 10, 20, 40 and 

60 eV to gain fragmentation information.  

2.6.5 Structural elucidation of F1ME inhibitors 

 All information regarding the use of or obtaining the GNPS-Bioactivity automated 

interface can be found in our previous publication with the following exception: instead of using 

MS/MS data for our tool, full scan MS data was used in MZmine2 to allow for the examination of 

compounds which may not be observed during MS/MS data acquisition [113]. This exemption 

does not allow for a bioactive molecular network to be created, but the statistical analysis is still 

performed to hypothesize which compounds in a mixture are most bioactive. 

 Using MSConvert software, MS/MS data files will be converted to .mzXML files with the 

noise levels set to MSlevel1 and MSlevel2. The automation tool will run the batch of files in 

MZmine2, where data is processed and then automatically exported to GNPS where a FBMN job 

is performed. Once the FBMN job is finished, the Cytoscape data folder can be saved and uploaded 

to the automated dashboard. Then, the outputs of GNPS, MZmine2, and the .csv file including the 

R script are uploaded into Cytoscape where the BMN is created. The compounds predicted to be 

the most bioactive will be used in Subaim 1B.3. These compounds will be indicated by a statistical 

p-value under 0.05 (95% Cl) and will show as the largest nodes in the BMN. The workflow of this 

outline can be found in Figure 2.  

 Data analysis including molecular feature extraction, molecular formula and fragment 

formula generation, and database searching was performed using MassHunter Qualitative Analysis 

software ver. B.10.00 and MassHunter PCDL Manager with METLIN™. Compound 

fragmentation data was processed with SIRIUS+CSI:FingerID version 5.8.2 for MS/MS library 
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searching in the following libraries: Biocyc, CheBI, COCONUT, GNPS, HMDB, HSDB, KEGG, 

KNApSAck, MaConDa, MeSH, NORMAN, Natural Products, Plantcyc, PubChem, YMDB, and 

Zinc Bio [122, 123]. Manual searches were performed in LIPID MAPS. 

 

 

Figure 2. Workflow for bioactive compound identification using the automated GNPS-Bioactivity 

dashboard. 

  

LC-MS Output

.csv + bioactivity 
levels

.csv + .mgf files 
molecular networks

.csv file
 

containing p-value

Visualization of 

bioactive compounds 

in molecular network

Calculation 

Module

Calculates p-value of compounds using python script



 31 

 

2.7 Assessment of açaí extracts for UGT inhibition 

2.7.1 Generation of LC-MS method for UGT metabolite quantitation 

This method was developed to assess potential UGT inhibition by açaí constituents in vitro. 

Samples mimicking in vitro assay conditions were made including 0.25 mg/mL UGT Supersome 

Control, 25 µg/µL alamethicin, 5 mM MgCl2, and 5 mM UGPGA in 50 mM Tris-HCl buffer (pH 

7.4). Each of the 6 UGT metabolite analytical standards was added at 1 µM. The total volume of 

the mimicked reaction mixture was 100 µL. The sample was then spiked with 100 µL of ACN 

containing IS chlorpropamide before centrifugation at 10,000 rpm for 15 min (4ºC). This was the 

sample that was used to generate the LC-MS quantitation method.  

 Optimal separation of the UGT metabolite mixture was achieved using a 4.6 x 100 mm, 

3.5 µm ZORBAX Eclipse Plus Phenyl-Hexyl column (Agilent Technologies, New Castle, DE). 

The flow rate was set at 0.5 mL/min, the sample injection volume was 10 µL, the acquisition rate 

was set at 1.41 scans, and complete mass scanning ranged from m/z 200–700. LC separation for 

UGT inhibition assay samples was conducted with a gradient mobile phase consisting of (A) water, 

0.1% FA and (B) ACN, 0.1% FA. The linear gradient was: 0 min, 30% B; 0.5 min, 30 % B; 1.5 

min, 60% B; 3 min, 90% B; 4 min, 90% B; 4.5 min, 60% B; 5 min, 15% B; 8 min, 15% B. The 

column temperature was set to 25°C. Both ESI+ and ESI- were utilized. MS conditions were 

optimized with capillary voltage 3200 V and 3400 V for ESI+ and ESI-, respectively; drying gas 

temperature 350 °C, fragmentor voltage 100 V, and skimmer 65 V. Nitrogen was supplied as a 

nebulizing gas at 25 psi and as a drying gas at 10 L/min. 
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Chapter 3. Results and Discussion  

3.1 Chemical fingerprinting 

3.1.1 Untargeted fingerprinting analysis of açaí extracts 

 We developed a chromatographic method for chemical fingerprinting of açaí samples using 

a C18 stationary phase. This column was chosen because of previous success with using this 

column to separate and quantitate anthocyanins from these same complex açaí extracts [126]. This 

method requires 50 minutes per chromatographic run including re-equilibration time. Figure 3 

shows a mass versus retention plot for all 64 açaí extract samples and the most frequently found 

molecular features found in full scan spectra using both ESI+ and ESI-. 

From the 4,002 total mass features detected in ESI+ (2,510 features) and ESI- (1,492 

features), 173 compounds were annotated after feature alignment and MS/MS library searches 

(Table 4). To our knowledge, this analysis includes 138 compounds that had previously been 

identified in plants but have now been found for the first time in açaí extracts. The MS/MS spectra 

and spectral matches of tentatively identified compounds in açaí are provided in Figure 4. The 

MS/MS spectra and spectral matches of positively identified compounds in açaí using authentic 

chemical standards of LC-MS grade purity are provided in Figure 5. When a compound was 

detected in both ion modes, the one with the best MS/MS fragmentation match was included. 

Annotated compounds include 82 fatty acids, 32 flavonoids, 18 phenols, 13 organic acids, and 12 

amino acid derivatives among other constituents. Because fatty acids, organic acids, and amino 

acids are primary metabolites and ubiquitous to all plants, we see no reason that any of these 

compounds could not be made biosynthetically by açaí [127]. Flavonoids and phenols have been 
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previously reported in açaí many times; therefore, they should be easily biosynthesized via the 

shikimate, pentose phosphate, and phenylpropanoid pathways [16, 19, 94, 98, 106, 125-129].  

 

 

 

 

Figure 3. Mass versus retention time plot showing 2,510 features in ESI+ (A) and 1,492 features 

found in ESI- (B) found amongst all açaí sample types. The y-axis provides the uncharged mass 

of the feature; the x-axis represents the elution times for each feature. The size and color of the 

point represent the frequency at which a feature was found amongst the 64 samples.
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Table 4. Parameters for identified or tentatively identified compounds detected in various açaí extracts using ESI+ and ESI-. Compounds 

confirmed using authentic chemical standards are shown in bold. Compounds which were tentatively identified but have not previously 

been reported for açaí to our knowledge are denoted with an (*).  

 Compound m/z RT (min) Detected 

Adducts 

Δ ppm Neutral Formula 

1 (R)-2-hydroxycaprylic acid* 159.1023 12.8 [M-H]- -2.31 C8H16O4 

2 1-(2,4-dihydroxyphenyl)-3-(3,4-

dihydroxyphenyl)-1-propanone* 

273.0777 11 [M-H]- 3.12 C15H14O5 

3 1-monopalmitin* 331.2860 28.6 [M+H]+ -1.17 C19H38O4 

4 1-oleoyl lysophosphatidic acid* 435.2517 28.2 [M-H]- -0.03 C21H41O7P 

5 1-palmitoyl lysophosphatidic acid* 409.2365 29.9 [M-H]- 2.04 C19H39O7P 

6 1,1-dimethylpyrrolidinium-2-

carboxylate* 

144.1004 1.26 [M]+ 5.6 C7H14NO2 

7 2-ethyl-7-propyloctanedioic acid* 243.1612 20.1 [M-H]- 4.18 C13H24O4 

8 2-hydroxy-4-(methoxycarbonyl)benzoic 

acid* 

195.0310 10.9 [M-H]- -0.22 C9H8O5 

9 2-hydroxyheptanoic acid* 145.0866 11.5 [M-H]- -2.88 C7H14O3 

10 2-hydroxypalmitic acid* 271.2270 27.4 [M-H]- -3.2 C16H32O3 
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 Compound m/z RT (min) Detected 

Adducts 

Δ ppm Neutral Formula 

11 2-hydroxystearic acid* 299.2596 30.1 [M-H]- 1.44 C18H36O3 

12 2-methoxy-2-oxoethyltrimethylaminium* 132.1020 1.18 [M]+ 0.72 C6H14NO2 

13 2,3-dihydroxy-3-(3,4,5,6-

tetrahydroxyoxan-2-yl)propanoic acid* 

253.0562 1.21 [M-H]- -1.21 C8H14O9 

14 2,9-dihydroxynonanoic acid* 189.1133 12.5 [M-H]- 0.36 C9H18O4 

15 2,11-dihydroxyundecanoic acid* 217.1453 14.8 [M-H]- 3.53 C11H22O4 

16 3-furoic acid* 111.0085 1.25 [M-H]- -2.34 C5H4O3 

17 3-hydroxy-3-methyl-glutaric acid* 161.0453 1.27 [M-H]- -1.53 C6H10O5 

18 3-hydroxypalmitic acid* 271.2276 26.4 [M-H]- -0.99 C16H32O3 

19 3-methyl-dienelactone* 153.0188 9.26 [M-H]- -3.48 C7H6O4 

20 3-O-methylgallic acid* 183.0297 6.94 [M-H]- -1.08 C8H8O5 

21 3-phenylpropyl beta-D-glucopyranoside* 297.1343 11.0 [M-H]- -0.21 C15H22O6 

22 3,10-dihydroxydecanoic acid* 203.1291 13.9 [M-H]- -3.82 C10H20O4 

23 4-hydroxy-6-methylpyran-2-one* 127.0392 3.69 [M+H]+ 1.56 C6H6O4 

24 4-hydroxynonenoic acid* 171.1030 12.2 [M-H]- 2.011 C9H16O3 

25 4-methyl itaconate* 143.0342 2.01 [M-H]- -5.47 C6H8O4 

26 4-oxododecanedioic acid* 243.1255 11.5 [M-H]- 1.12 C12H20O5 
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 Compound m/z RT (min) Detected 

Adducts 

Δ ppm Neutral Formula 

27 5-keto-D-gluconic acid* 193.0353 1.30 [M-H]- -0.39 C6H10O7 

28 6-gingerol* 298.1758 15.7 [M-H]- -0.11 C17H26O4 

29 7-(2,3-dihydroxypropoxy)-7-

oxoheptanoic acid* 

233.1052 8.38 [M-H]- -0.69 C10H18O6 

30 7-keto palmitic acid* 269.2120 24.8 [M-H]- -0.81 C16H30O3 

31 7E-hexadecenoic acid methyl ester* 269.2470 26.3 [M+H]+ -1.88 C17H32O2 

32 8-methylnonenoic acid* 167.1247 13.1 [M-H]- 3.57 C10H18O2 

33 8-oxoxanthosine* 299.0627 11.6 [M-H]- -3.44 C10H12N4O7 

34 8,11-dihydroxy-9,12-octadecadienoic 

acid* 

311.2229 19.3 [M-H]- 0.38 C18H32O4 

35 8,9-dihydroxystearic acid* 297.2447 23.9 [M-H2O-H]- 2.94 C18H36O4 

36 8E-heptadecenoic acid* 269.2482 30.6 [M+H]+ 3.59 C17H32O2 

37 9-(2,3-dihydroxypropoxy)-9-

oxononanoic acid * 

261.1337 11.0 [M-H]- -2.54 C12H22O6 

38 9-HOTrE* 293.2116 20.8 [M-H]- -2.11 C18H30O3 

39 9-Hpode* 311.2243 21.9 [M-H]- 4.87 C18H32O4 

40 9-HpOTrE* 309.2076 17.5 [M-H]- 1.51 C18H30O4 
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 Compound m/z RT (min) Detected 

Adducts 

Δ ppm Neutral Formula 

41 9-hydroxynonanoic acid* 173.1182 11.7 [M-H]- -0.68 C9H18O3 

42 9-oxo-capric acid* 185.1180 12.9 [M-H]- -1.72 C10H18O3 

43 9-OxoODE* 293.2120 22.4 [M-H]- -0.74 C18H30O3 

44 9-OxoOTrE* 291.1978 20.5 [M-H]- 4.23 C18H28O3 

45 9,10-dihydroxystearic acid* 315.2551 21.5 [M-H]- 3.23 C18H36O4 

46 9,10,13-trihydroxyoctadec-11-enoic 

acid* 

311.2239 18.3 [M-H2O-H]- 3.59 C18H34O5 

47 9,12-octadecadiynoic acid* 277.2164 25.3 [M+H]+ 0.7 C18H28O2 

48 9(10)-EpOME* 279.2329 22.4 [M+H-H2O]+ 3.74 C18H32O3 

49 9S,10S,11R-trihydroxy-12Z,15Z-

octadecadienoic acid* 

327.2173 15.5 [M-H]- -1.22 C18H32O5 

50 10-hydroxycapric acid* 187.1342 16.2 [M-H]- 1.24 C10H20O3 

51 10E-12Z-octadecadienoic acid* 281.2471 24.9 [M+H]+ -1.45 C18H32O2 

52 11-hydroxyhexadec-9-enoic acid* 269.2132 20.6 [M-H]- 3.65 C16H30O3 

53 11-oxooctadec-12-enoic acid* 295.2279 23.4 [M-H]- 0.11 C18H32O3 

54 12,13-DiHOME* 313.2377 19.5 [M-H]- -2.34 C18H34O4 

55 12,13-dihydroxystearic acid* 315.2537 20.5 [M-H]- -1.22 C18H36O4 



 38 

 Compound m/z RT (min) Detected 

Adducts 

Δ ppm Neutral Formula 

56 12(13)-EpOME* 295.2278 22.4 [M-H]- -0.23 C18H32O3 

57 13-amino-13-oxotridecanoic acid* 242.1768 13.9 [M-H]- 2.61 C13H25NO3 

58 13-docosenamide* 338.3434 33.8 [M+H]+ 4.85 C22H43NO 

59 13-HpOTrE* 309.2062 19.9 [M-H]- -3.02 C18H30O4 

60 13-OxoODE* 293.2118 21.8 [M-H]- -1.43 C18H30O3 

61 acacetin* 285.0760 12.0 [M-H]+ 0.27 C16H12O5 

62 adenine* 136.0618 1.26 [M+H]+ 0.21 C5H5N5 

63 alpha-12,13-DiHODE* 311.2244 18.5 [M-H]- 4.17 C18H32O4 

64 apigenin 269.0455 13.2 [M-H]- 1.31 C15H10O5 

65 arginine methyl ester* 189.1340 1.08 [M+H]+ -3.18 C7H16N4O2 

66 azelaic acid* 187.0976 11.5 [M-H]- 0.09 C9H16O4 

67 betaine* 118.0862 1.42 [M]+ -0.47 C5H12NO2 

68 caprylic acid 125.0977 13.2 [M-H2O-H]- 3.98 C8H16O2 

69 catechin  291.0865 7.21 [M+H]+ 0.64 C15H14O6 

70 catechol 109.0285 3.84 [M-H]- -2.49 C6H6O2 

71 chrysoeriol 301.0709 13.3 [M+H]+ 0.7 C16H12O6 
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 Compound m/z RT (min) Detected 

Adducts 

Δ ppm Neutral Formula 

72 citric acid 191.0197 1.26 [M-H]- -0.14 C6H8O7 

73 corchorifatty acid D* 307.1917 15.1 [M-H]- 0.71 C18H28O4 

74 coumaric acid 4-O-glucoside* 325.0928 7.30 [M-H]- -0.28 C15H18O8 

75 o-coumaric acid* 163.0391 9.95 [M-H]- -5.32 C9H8O3 

76 p-coumaric acid 163.0398 7.70 [M-H]- -1.64 C9H8O3 

77 coumarin* 147.0436 9.83 [M+H]+ -2.73 C9H6O2 

78 cyanidin 3-O-glucoside 449.1083 8.38 [M]+ 0.93 C21H21O11 

79 cyanidin 3-O-rutinoside 595.1667 8.49 [M]+ 1.09 C27H31O15 

80 cyanidin 3-O-sambubioside 581.1502 8.40 [M]+ 0.3 C26H29O25 

81 dihydrokaempferol 289.0726 10.1 [M+H]+ 0.84 C15H12O6 

82 N,N-dimethylpyridin-4-amine* 123.0923 1.37 [M+H]+ 5.08 C7H10N2 

83 epigallocatechin* 305.0663 2.21 [M-H]- -1.23 C15H14O7 

84 ethyl palmitate* 285.2796 34.9 [M+H]+ 2.78 C18H36O2 

85 fisetin* 285.0399 11.4 [M-H]- -1.97 C15H10O6 

86 fructosyl leucine* 294.1563 1.58 [M+H]+ 5.34 C12H23NO7 

87 galactaric acid* 209.0303 1.35 [M-H]- 0.04 C6H10O8 
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 Compound m/z RT (min) Detected 

Adducts 

Δ ppm Neutral Formula 

88 gallic acid 169.0143 1.51 [M-H]- 0.31 C7H6O5 

89 glycerophosphocholine* 258.1105 1.36 [M]+ 1.55 C8H21NO6 

90 gulonic acid* 195.0503 1.17 [M-H]- -3.72 C6H12O7 

91 heptanoic acid* 111.0812 10.4 [M-H2O-H]- -4.96 C7H14O2 

92 hexadecanedioic acid* 285.2084 14.8 [M-H]- 4.44 C16H30O4 

93 homogentisic acid* 167.0344 11.0 [M-H]- -3.49 C8H8O4 

94 homoveratric acid* 195.0661 9.70 [M-H]- -0.94 C10H12O4 

95 hydroquinone* 109.0300 3.16 [M-H]- 4.56 C6H6O2 

96 DL-b-hydroxycaprylic acid* 159.1021 12.15 [M-H]- -3.57 C8H16O3 

97 hyperoside* 463.0882 10.8 [M-H]- -0.65 C21H20O12 

98 indoline* 120.0811 12.3 [M+H]+ 2.7 C8H9N 

99 isokaempferide* 301.0716 9.13 [M+H]+ 3.11 C16H12O6 

100 L-isoleucine 132.1025 1.42 [M+H]+ 4.76 C6H12NO2 

101 isopalmitic acid* 257.2473 30.1 [M+H]+ -0.8 C16H32O2 

102 isovanillic acid* 167.0355 9.50 [M-H]- 3.1 C8H8O4 

103 isovitexin 431.0992 10.4 [M-H]- 1.92 C21H20O10 
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 Compound m/z RT (min) Detected 

Adducts 

Δ ppm Neutral Formula 

104 itaconic acid* 129.0189 1.24 [M-H]- -3.66 C5H56O4 

105 kaempferol 285.0403 13.1 [M-H]- -0.57 C15H10O6 

106 kaempferol 7-O-glucoside* 447.0930 8.94 [M-H]- -0.64 C21H20O11 

107 L-leucine* 132.1025 1.55 [M+H]+ 4.48 C6H12NO2 

108 larixinic acid* 127.0392 3.15 [M+H]+ 1.56 C6H6O3 

109 leucyl proline* 229.1544 1.41 [M+H]+ -1.17 C11H20N2O3 

110 leucyl leucine* 245.1873 7.92 [M+H]+ 5.64 C12H24N2O3 

111 linolenic acid 279.2316 30.2 [M+H]+ -0.92 C18H30O2 

112 linoleoyl ethanolamide* 324.2903 26.3 [M+H]+ 1.83 C20H37NO2 

113 loliolide 197.1200 10.2 [M+H]+ 3.45 C11H16O3 

114 luteolin 285.0408 12.5 [M-H]- 1.19 C15H10O6 

115 lycaonic acid* 297.2431 23.3 [M-H]- -1.41 C18H34O3 

116 LysoPC(16:0)* 496.3399 26.8 [M]+ 0.27 C24H50NO7P 

117 LysoPC(18:1)* 522.3556 26.9 [M]+ 0.35 C26H53NO7P 

118 LysoPC(18:2)* 520.3415 25.6 [M]+ 3.33 C26H51NO7P 

119 LysoPC(18:3)* 518.3254 26.8 [M]+ 2.48 C26H49NO7P 
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 Compound m/z RT (min) Detected 

Adducts 

Δ ppm Neutral Formula 

120 LysoPE(16:0)* 452.2781 26.9 [M-H]- -0.36 C21H44NO7P 

121 maltose 377.0857 1.26 [M+Cl]- 0.23 C12H22O11 

122 methyl citrate* 205.0400 2.20 [M-H]- -2.81 C7H10O7 

123 methyl leucine* 146.1178 2.77 [M+H]+ 2.33 C7H15NO2 

124 methyl palmitate* 271.2630 33.4 [M+H]+ -0.58 C17H34O2 

125 methylgallic acid* 183.0304 9.62 [M-H]- 0.39 C8H8O5 

126 monoolien* 347.2998 29.1 [M+H]+, 

[M+Na]+ 

-0.38 C21H40O4 

127 monopalmitin* 353.2671 23.3 [M+H]+, 

[M+Na]+ 

2.46 C19H38O4 

128 myricetin* 317.0307 11.3 [M-H]- 1.29 C15H10O8 

129 myricetin 3-O-galactoside* 479.0841 10.1 [M-H]- 2.06 C21H20O13 

130 naringenin* 271.0602 12.2 [M-H]- -3.68 C15H12O5 

131 nevadensin* 343.0823 15.6 [M-H]- -0.08 C18H16O7 

132 nicotinic acid* 124.0398 1.51 [M+H]+ 4.36 C6H5NO2 

133 nonanoic acid* 157.1227 14.9 [M-H]- -4.48 C9H18O2 

134 oleamide* 282.2793 28.3 [M-H]+ 0.35 C18H35NO 
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 Compound m/z RT (min) Detected 

Adducts 

Δ ppm Neutral Formula 

135 oleic acid 283.2633 30.7 [M+H]+ 0.42 C18H34O2 

136 oleoyl ethanolamide* 326.3051 28.1 [M+H]+ -0.78 C20H39NO3 

137 orientin 449.1086 9.83 [M+H]+ 1.68 C21H20O11 

138 palmitamide* 256.2631 27.6 [M+H]+ -1.53 C16H33NO 

139 palmitic acid 255.2339 30.1 [M-H]- 3.71 C16H32O2 

140 PE(18:1(9z)/0:0)* 478.2940 27.6 [M-H]- 0.18 C23H46NO7P 

141 peonidin 3-O-glucoside 463.1238 8.9 [M]+ 0.59 C22H23O11 

142 peonidin 3-O-rutinoside  609.1816 9.34 [M]+ 0.4 C28H33O15 

143 DL-phenylalanine 166.0870 2.16 [M+H]+ 4.79 C9H11NO2 

144 phloridzin* 435.1293 7.43 [M-H]- -0.85 C21H24O10 

145 phytosphingosine* 318.3017 20.8 [M+H]+ 4.50 C18H39NO3 

146 pimelic acid* 159.0656 8.57 [M-H]- -4.29 C7H12O4 

147 DL-pipecolic acid* 130.0866 1.43 [M+H]+ 2.86 C6H11NO2 

148 protocatechuic acid 153.0186 3.15 [M-H]- -4.79 C7H6O4 

149 purine* 119.0352 4.29 [M-H]- -0.29 C5H4N4 

150 pyrogallol* 125.0243 1.49 [M-H]- -0.94 C6H6O3 
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 Compound m/z RT (min) Detected 

Adducts 

Δ ppm Neutral Formula 

151 quercetin 303.0500 12.2 [M+H]+ 0.28 C15H10O7 

152 quercetin 3-O-glucoside 465.1030 10.8 [M+H]+ 0.19 C21H20O12 

153 rosilic acid* 299.2604 25.4 [M-H]- 4.11 C18H36O3 

154 sambucinol* 267.1587 11.9 [M+H]+ -1.54 C15H22O4 

155 sebacic acid* 201.1136 12.4 [M-H]- 1.83 C10H18O4 

156 secoisolariciresinol* 327.1613 10.6 [M+H-2(H2O)]+, 

[M+H-H2O]+ 

0.21 C20H26O6 

157 sinapic acid* 207.0668 10.0 [M+H-H2O]+ -1.29 C11H12O5 

158 sphinganine* 302.3067 21.9 [M+H]+ 4.3 C18H39NO2 

159 stearidonic acid* 275.2022 20.8 [M-H]- 1.99 C18H28O2 

160 suberic acid* 173.0819 10.3 [M-H]- -0.19 C8H14O4 

161 sucrose 365.1050 1.22 [M+Na]+ 1.55 C12H22O11 

162 tachioside* 301.0929 1.68 [M-H]- 0.03 C13H18O8 

163 taxifolin  303.0400 9.94 [M-H]- -0.09 C15H12O7 

164 trans-EKODE-(E)-Ib* 309.2066 19.6 [M-H]- -1.72 C18H30O4 

165 trans-resveratrol 227.0719 10.9 [M-H]- 2.34 C14H12O3 

166 tricin* 329.0664 13.2 [M-H]- -0.84 C17H14O7 
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 Compound m/z RT (min) Detected 

Adducts 

Δ ppm Neutral Formula 

167 tridecanedioic acid* 243.1610 16.5 [M-H]- 3.36 C13H24O4 

168 L-tryptophan 188.0713 4.66 [M-NH3+H]+ 3.7 C11H12N2O2 

169 undecanedioic acid* 215.1294 13.6 [M-H]- 2.4 C11H20O4 

170 usnic acid* 345.0972 15.7 [M+H]+ 0.93 C18H16O7 

171 velutin 313.0717 16.0 [M-H]- -0.2 C17H14O6 

172 vitexin 431.0997 10.2 [M-H]- 3.08 C21H20O10 

173 wogonin* 283.0623 16.2 [M-H]- 3.9 C16H12O5 
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Figure 4. MS/MS spectra of compounds in açaí extracts that were assigned tentatively (L2 

annotations) by extensive querying and comparison with spectral libraries. Red lines indicate 

fragment matches between experimental spectra and library spectra. MS/MS scores are indicated 

in [ ] and were obtained using either Agilent Qualitative Analysis, GNPS, or SIRIUS for their 

respective libraries. Numbers shown in the spectra match those corresponding in Table 4. 
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1-palmitoyl lysophosphatidic acid, CID: 

89566, METLIN; [91.9] 

 
 

2-ethyl-7-propyloctanedioic acid, CID: 

118049839, SIRIUS; [71.21] 

 
 

2-hydroxyheptanoic acid, CID: 2750949, 

SIRIUS; [74.59] 

 

1,1-Dimethylpyrrolidinium-2-carboxylate, 

CID: 554, SIRIUS; [97.16]

 
2-hydroxy-4-(methoxycarbonyl)benzoic acid, 

CID: 15294629, SIRIUS; [76.96]

 
 

2-hydroxypalmitic acid, CID: 92836, SIRIUS; 
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2-hydroxystearic acid, CID: 69417, SIRIUS; 

[95.95]

 
 

2,3-dihydroxy-3-(3,4,5,6-tetrahydroxy 

oxan-2-yl)propanoic acid, CID: 76459669, 
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3-hydroxy-3-methyl-glutaric acid, CID: 1662, 

METLIN; [94.48]

 
 

3-methyl-dienelactone, CID: 44123458, 

SIRIUS; [70.15]

 
 

3-phenylpropyl beta-D-glucopyranoside, CID: 

13139866, SIRIUS; [70.72]

 

3-hydroxypalmitic acid, CID: 301590, 

METLIN; [78.55]

 
 

3-O-methylgallic acid, CID: 19829, SIRIUS; 

[86.36]

 
 

3,10-dihydroxydecanoic acid, CID: 9859090, 

SIRIUS; [76.69] 
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4-hydroxy-6-methylpyran-2-one, CID: 

54675757, METLIN; [81.17]

 
 

4-methyl itaconate, CID: 81791, SIRIUS; 

[87.07]

 
 

5-keto-D-gluconic acid, CID: 5460352, GNPS; 

[89]

 

4-hydroxynonenoic acid, CID: 10442150, 

SIRIUS; [71.24]

 
 

4-oxododecanedioic acid, CID: 13213508, 

SIRIUS; [100]

 
 

6-gingerol, CID: 442793, GNPS; [88] 

 

#23 

#26 

#24 

#28 

#25 

#27 



 51 

7-(2,3-Dihydroxypropoxy)-7-oxoheptanoic 

acid, CID: 53823180, SIRIUS; [85.38]

 
 

7E-hexadecenoic acid methyl ester, CID: 

14029831, METLIN; [70.39]

 
 

8-oxoxanthosine, CID: 3082183, SIRIUS; 

[78.19]

 

7-keto palmitic acid, CID: 15569760, SIRIUS; 

[90.76]

 
 

8-methylnonenoic acid, CID: 18188354, 

SIRIUS; [75.61]

 
 

8,11-dihydroxy-9,12-octadecadienoic acid, 

CID: 76463674, SIRIUS; [93.67]
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8,9-dihydroxystearic acid, CID: 361946, 

SIRIUS; [85.52]

 
9-(2,3-dihydroxypropoxy)-9-oxononanoic 

acid, CID: 45783154, GNPS; [94]

 
 

9-Hpode, CID: 5282856, SIRIUS; [86.88]

 
 

 

8E-heptadecenoic acid, CID: 5312438, 
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9-Hydroxynonanoic acid, CID: 138052, 

SIRIUS; [100]

 
 

9-OxoODE, CID: 9839084, METLIN; [100]

 
 

9,10-dihydroxystearic acid, CID: 89377, 

SIRIUS; [80.25]

 
 

9-oxo-capric acid, CID: 15016, SIRIUS; 

[78.69]

 
 

9-OxoOTrE, CID: 11380794, METLIN; 

[93.03] 

 
9,10,13-Trihydroxyoctadec-11-enoic acid, 

CID: 153003, SIRIUS; [91.62] 
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9,12-octadecadiynoic acid, CID: 1931, GNPS; 

[75]

 
 

9S,10S,11R-trihydroxy-12Z,15Z-

octadecadienoic acid, CID: 16061055, SIRIUS; 

[94.12]

 
10E-12Z-octadecadienoic acid, CID: 5282944, 

METLIN; [72.76]

 

9(10)-EpOME, CID: 6246154, GNPS; [90]

 
 

 

10-hydroxycapric acid, CID: 74300, METLIN; 
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11-hydroxyhexadec-9-enoic acid, CID: 

11777937, SIRIUS; [81.94]
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11-oxooctadec-12-enoic acid, CID: 72952636, 

SIRIUS; [85.99]

 
 

12,13-dihydroxystearic acid, CID: 5282931, 

SIRIUS; [94.03]

 
 

13-amino-13-oxotridecanoic acid, CID: 

85711399, SIRIUS; [74.07]

 

12,13-DiHOME, CID: 10236635, GNPS; [79]

 
 

 

12(13)-EpOME, CID: 5356421, GNPS; [89]

 
 

 

13-docosenamide, CID: 5365371, METLIN; 

[74.64]
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13-HpOTrE, CID: 5282866, METLIN; [70.22]

 
 

adenine, CID: 190, Agilent LCQTOF Applied 

Markets; [100]

 
 

apigenin, CID: 5280443, GNPS; [76]

 
 

 

13-OxoODE, CID: 5283012, METLIN; [99.77]

 
 

alpha-12,13-DiHODE, CID: 16061067, 

SIRIUS; [82.94] 

 
 

arginine methyl ester, CID: 92932, SIRIUS; 

[94.08]
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azelaic acid, CID: 2266, GNPS; [97]

 
 

 

caprylic acid, CID: 379, SIRIUS; [83.02]

 
 

citric acid, CID: 311, GNPS; [97]

 
 

betaine, CID: 247, METLIN, [97.17]

 
 

 

catechol, CID: 289, SIRIUS; [98.86]

 
corchorifatty acid D, CID: 85367967, GNPS; 

[76]
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coumaric acid 4-O-glucoside, CID: 9840292, 

SIRIUS; [98.48]

 
 

p-coumaric acid, CID: 637542, GNPS; [80]

 
 

epigallocatechin, CID: 10425234, GNPS; [83]

 
 

 

o-coumaric acid, CID: 637540, METLIN; 

[97.36]

 
 

N,N-dimethylpyridin-4-amine, CID: 14284, 

Agilent LCQTOF Applied Markets; [95.14]

 
ethyl palmitate, CID: 12366, Agilent LCQTOF 

Applied Markets; [72.27]
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fisetin, CID: 5281614, GNPS; [89]

 
 

galactaric acid, CID: 3037582, METLIN; 

[78.87]

 
 

gluconic acid, CID: 152304, GNPS; [85]

 
 

fructosyl leucine, CID: 129689639, GNPS; [85]

 
 

glycerophosphocholine, CID: 657272, 

METLIN; [78.77]

 
 

heptanoic acid, CID: 8094, SIRIUS; [82.86]
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hexadecanedioic acid, CID: 10459, METLIN; 

[90.85]

 
homoveratric acid, CID: 7139, SIRIUS; 

[89.12]

 
 

DL-b-hydroxycaprylic acid, CID: 110974, 

METLIN; [99.68]

 
 

homogentisic acid, CID: 780, SIRIUS; [79.75]

 
 

hydroquinone, CID: 785, SIRIUS; [96.34]  

 
 

 

hyperoside, CID: 5281643, GNPS; [74]
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indoline, CID: 10328, SIRIUS; [71.21]

 
 

 

L-isoleucine, CID: 6306, METLIN; [98.71]

 
 

itaconic acid, CID: 811, SIRIUS; [88.42]

 
 

isokaempferide, CID: 5280862, Agilent 

LCQTOF Applied Markets; [99.21]

 
 

isopalmitic acid, CID: 36247, GNPS; [80]

 
 

kaempferol 7-O-glucoside, CID: 10095180, 

Agilent LCQTOF Applied Markets; [81.57]
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L-leucine, CID: 6106, METLIN; [88.47]

 
 

leucyl proline, CID: 80817, METLIN; [94.4]

 
 

 

linolenic acid, CID: 5280934, GNPS; [86]

 
 

larixinic acid, CID: 8369, METLIN; [85.36]

 
 

leucyl leucine, CID: 94244, METLIN; [90.06]

 
 

 

linoleoyl ethanolamide, CID: 5283446, 

METLIN; [86.46]
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loliolide, CID: 100332, GNPS; [89]

 
 

lycaonic acid, CID: 94770, SIRIUS; [75.17]

 
 

LysoPC(18:1), CID: 16081932, GNPS; [81]

 
 

luteolin, CID: 5280445, GNPS; [91]

 
 

LysoPC(16:0), CID: 10097314, GNPS; [83]

 
 

LysoPC(18:2), CID: 24779469, SIRIUS; [94.3]
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LysoPC (18:3), CID: 11005824, SIRIUS; 

[86.23]

 
 

maltose, CID: 6255, GNPS; [82]

 
 

 

methyl leucine, CID: 6106, SIRIUS; [89.71]

 
 

LysoPE(16:0), CID: 9547069, GNPS; [75]

 
 

 

methyl citrate, CID: 12566215, SIRIUS; 

[95.14]

 
 

methyl palmitate, CID: 8181, Agilent 

LCQTOF Applied Markets PCDL; [83.68]  
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methylgallic acid, CID: 20223962, SIRIUS; 

[70.74]

 
 

 

monopalmitin, CID: 14900, SIRIUS; [97.28]

 
 

myricetin 3-O-galactoside, CID: 5491408, 

GNPS; [75]

 

monoolien, CID: 5283468, GNPS; [82]

 
 

 

 

myricetin, CID: 5281672, METLIN; [78.03]

 
 

 

nevadensin, CID: 160921, GNPS; [77]
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nicotinic acid, CID: 938, METLIN; [91.76] 

  
 

 

oleoyl ethanolamide, CID: 5283454, METLIN; 

[87.28]

 
 

 

PE(18:1(9Z)/0:0), CID: 9547071, METLIN; 

[89.84]

 

 

nonanoic acid, CID: 8158, SIRIUS; [86.49]

 
 

palmitamide, CID: 69421, Agilent QTOF 

Applied Markets; [98.62]  

 
 

 

DL-phenylalanine, CID: 994, METLIN; 

[96.24]
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phloridzin, CID: 6072, METLIN; [90.1]

 
 

 

pimelic acid, CID: 385, SIRIUS; [97.75]

 
 

 

protocatechuic acid, CID: 72, METLIN; [100]

 
 

phytosphingosine, CID: 122121, GNPS; [93]

 
 

 

DL-pipecolic acid, CID: 849, METLIN; [96.56]

 
 

 

purine, CID: 1044, SIRIUS; [99.3]
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pyrogallol, CID: 1057, SIRIUS; [97.06]

 
 

sambucinol, CID: 5459101, Agilent LCQTOF 

Applied Markets; [89.26] 

 
 

secoisolariciresinol, CID: 65373, GNPS; [91]

 
 

 

rosilic acid, CID: 9561835, SIRIUS; [99.12]

 
 

sebacic acid, CID: 5192, GNPS; [93]

 
 

 

sinapic acid, CID: 637775, GNPS; [74] 
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sphinganine, CID: 91486, GNPS; [95]

 
 

 

suberic acid, CID: 10457, GNPS; [95]

 
 

tachioside, CID: 11962143, SIRIUS; [99.16]

 
 

stearidonic acid, CID: 5312508, SIRIUS; 
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sucrose, CID: 5988, METLIN; [99.7]
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METLIN; [73.47]
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trans-resveratrol, CID: 445154, MoNA HCD 

Natural Products Library; [70.71]

 
 

tridecanedioic acid, CID: 10458, Agilent 

LCQTOF Applied Markets; [86]

 
 

undecanedioic acid, CID: 15816, Agilent 

LCQTOF Applied Markets; [96.46]

 

tricin, CID: 5281702, GNPS; [85]

 
 

 

L-tryptophan, CID: 6305, GNPS; [90]

 
 

 

usnic acid, CID: 5646, Agilent LCQTOF 

Applied Markets; [74.57]
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velutin, CID: 6710647, SIRIUS; [97.06]

 

wogonin, CID: 5281703, METLIN; [95.95]
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Figure 5. MS/MS spectra for compounds present in açaí extracts that were identified using 

authentic standards (L1 annotations). MS/MS score is indicated in [ ].
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cyanidin 3-O-sambubioside, CID: 6602304; 

[91.73]

  
 

gallic acid, CID: 370; [92.31] 

 
 

isovitexin, CID: 162350; [94.43]

 
 

 

dihydrokaempferol, CID: 122850, [85.01]

 
 

 

isovanillic acid, CID: 12575; [74.43]

 
 

kaempferol, CID: 5280863; [77.95] 
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naringenin, CID: 439246; [86.55]

 
 

oleic acid, CID: 445639; [84.96] 

 
 

palmitic acid, CID: 985; [99.79]

 
 

 

 

oleamide, CID: 5283387; [80.69]

  
 
orientin, CID: 5281675; [82.5]

 
 

peonidin 3-glucoside, CID: 443654; [97.59] 
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peonidin 3-O-rutinoside, CID: 44256842; 

[84.51]

 
 

quercetin 3-glucoside, CID: 5280804; [90.72]

 
 

vitexin, CID: 5280441; [97.13]

 
 

 

quercetin, CID: 5280343; [83.32] 

 
 

 

taxifolin, CID: 439533; [73.08]
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3.1.2 Statistical analyses of açaí extracts  

3.1.2.1 Principal component analysis 

 PCA was used to capture the similarities and differences in the chemical composition of 

the sixteen açaí extracts using the top 100 mass features observed in full-scan MS using ESI+  

(Figure 6). In the PCA plot generated from positive ESI+ features, significant differences across 

the açaí extracts based on their polarity and source of origin. This PCA shows distinct separation 

of extracts generated from BDS extracts on the right of the graph and food product extracts on the 

left of the plot spanning from 0 to -4. The total variance values of the dataset in ESI+ were 

explained by PC1 and PC2 were 29.8% and 17.9%, respectively. In the BDS extracts there are 

distinct areas which separate the 2019 lot extracts (F1 and F2) from the 2022 lot extracts (F3 and 

F4). There is also a brand distinction with Nature’s Way (F1 and F3) samples showing a distinction 

from Natrol (F2 and F4) BDS sample extracts. In the food product samples, there are trends of 

polarity that separate the aqueous food extracts from acMeOH extracts and also organic extracts 

(MeOH and 95% ethanol). For acMeOH extracts, the Hawaiian fruit (EO) and the Brazillian fruit 

(MR) extracts have overlapping eclipses indicating that there is a high amount of similarity 

between the two. For other food product extracts there is separation based on the geographical 

origin of the fruit. For the PCA plot generated from ESI- features, most of the same trends are 

observed as in the ESI+ PCA plot with the exception that BDS brands cannot be clearly 

distinguished due to strong similarity between acMeOH and MeOH extracts of the 2019 lot 

extracts (F1 and F2) (Figure 7). Also, rather than the acMeOH food product extracts being 

together, EOAC shows more similarity with the lipophilic MR extracts (MRME and MRET). 
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Figure 6. PCA showing similarities between extract types based on features found in ESI+. Each 

set of dots (technical quadruplicates) represents an açaí extract from 16 different accessions. 
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Figure 7. PCA showing similarities between extract types based on features found in ESI-. Each 

set of dots (technical quadruplicates) represents an açaí extract from 16 different accessions. 
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3.1.2.2 Correlation matrices 

 For additional examination of açaí extracts, we used correlation matrix and HCA based on 

the abundance of features. The correlation matrix uses the correlation score (0-1) to evaluate 

similarities and dissimilarities of extracts: the higher the score (red) indicates the more similar the 

extracts are to one another and the lower the score (blue) indicates more dissimilarities between 

them.  

For ESI+ features, the correlation plot shows mostly areas of low to no correlation with few 

areas of high correlation (Figure 8). For example, the Pearson correlation value calculated between 

F4AC and F1ME extracts is 0.01, which indicates that there is a small to no linear relationship 

between these two extracts (small amount of similarity or dissimilar). Other extracts that showed 

a great amount of dissimilarity include mostly BDS extracts (F) and Hawaiian fruit extracts (EO), 

specifically: F4AC and F3AC (0.08), F4AC and EOME (0.08), F2ME and EOAQ (0.07), F3ME 

and EOAQ (0.07), F4ME and EOME (0.07), and F4AC and F3ME (0.07). The Pearson correlation 

value calculated between methanol Brazilian fruit extract (MRME) and 95% ethanol Hawaiian 

fruit extract (EOET) extracts is 0.50 which indicates a small linear relationship between extracts 

MRME and EOET. The Pearson correlation value calculated between EOET and EOME extracts 

is 0.99 which indicates that these two samples are linearly related, indicating similarities in 

metabolite contents for the 95% ethanol and MeOH extracts of Hawaiian açaí pulp. Additional 

extracts with high linear relationships include other samples whose solvents similar in polarity 

were used to extract the same material, including F3AC and F3ME (0.98), F4AC and F4ME (0.92), 

and MRET and MRME (0.98). There are two areas of high correlation between extracts coming 

from different sources including the four MR extracts and EOAC/EOAQ extracts (0.69 – 0.95) 

and that between F1 and F2 extracts (0.70 – 0.84).  
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In the ESI- correlation plot, most extracts were found to be dissimilar and there were no 

strong correlations between extracts not of the same source material (Figure 9). There are some 

small linear relationships between EO extracts and extracts of F1ME, F2AC and F2ME, except for 

EOAQ, which appears to have a moderate amount of dissimilarity with all samples outside of 

EOAQ (0.02 – 0.29). There is also similarity between extracts of F4 with BDS from 2019 lot with 

correlation values ranging from 0.45 – 0.69 (F1 and F2). While the two BDS lots from 2019 are 

similar to one another, there is little similarity between BDS extracts from the two different brands 

of the 2022 lots (F3 and F4 with values from 0.05 – 0.21).  
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Figure 8. Correlation matrix between the different açaí extracts based on PCA features from 

ESI+. Each extract is an average of the four replicates.  



 
 

82 

 
 

Figure 9. Correlation matrix between the different açaí extracts based on PCA features from 

ESI-. Each extract is an average of the four replicates. 
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3.1.2.3 Hierarchical clustering analysis 

 The heatmap with hierarchical clustering (Figures 10 and 11) visualizes mass feature 

abundances for 100 compounds evaluated in all 16 açaí extracts. The area under the curve has been 

averaged across the four replicates for each extract. The dendrogram on the y-axis indicates the 

degree of similarity between the different açaí extract samples and on the x-axis indicates the 

degree of similarity between the metabolites present. The z-score, shown by the colors in the 

heatmap, was computed by dividing the standard deviation of a metabolite across all samples by 

the mean of the peak regions for that metabolite across all 64 samples. The red, white, and blue 

colors designate a positive score, a zero score, or a negative score, respectively. A larger z-score 

magnitude indicates a higher color intensity on the scale.  

In the ESI+ HCA, the sample dendrogram (y-axis) shows clear patterns based on the 

polarity of compounds present and the origin of the extract sample (Figure 10). The dendrogram 

first splits into polar and nonpolar trees, with the nonpolar extracts including methanol and ethanol 

extracts of the Nature’s Way 2019 capsule and both the Brazillian and Hawaiian açaí fruit extracts 

(F2ME, MRME, MRET, EOME, and EOET). The next branches show the distinctions between 

BDS extract F2ME and the food product extracts, which are then separated to show different 

branches for MR and EO extracts. These extracts were classified based on their higher amounts of 

fatty acids present. Under the polar tree of the dendrogram, there is an additional branch that 

separates highly water-soluble extracts (F3AC, F3ME, MRAQ, EOAQ) from less water-soluble 

extracts (F1AC, F2AC, F1ME, F4AC, F4ME, EOAC, and MRAQ). The highly water-soluble 

extracts were classified based on having high concentrations of organic acids, amino acids, and 

monosaccharides. The less water-soluble extracts were classified based on having high amounts 

of anthocyanins and flavonoid glycosides. Both highly and less water-soluble branches go on to 
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be divided further based on whether the extract was generated from a BDS capsule product or a 

food product. Under the less water-soluble branch, the BDS extracts are also classified based on if 

they were from the 2019 or 2022 lots.  

In ESI-, the patterns of branching in the HCA sample dendrogram are not as clearly defined 

as they are in ESI+ (Figure 11). The branching tends to happen in a more singular manner based 

on a source of origin rather than in whole groups based on a shared quality such as polarity. 

However, they do show a more similarity amongst Hawaiian fruit extracts (EO) and BDS samples 

rather than to Brazillian fruit extracts (MR) as shown in ESI+. The first branching separates MR 

extracts from all other extracts, followed by the separation of F3AC and F3ME extracts, F4ME, 

and EOAQ. The remaining branches show similarity between samples of EOAC, EOET and 

EOME extracts with various BDS extract samples from F1, F2, and F4AC. 
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Figure 10. Heatmap visualizing the average area under the curve for 100 compounds used in 

PCA for ESI+. (A) Heatmap with clustering with metabolite clustering on the x-axis (top) and 

sample clustering on the y-axis. (B) Close-up examination of sample dendrogram for positive 

features showing extract similarities.  

(A) 

(B) 
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Figure 11. Heatmap visualizing the average area under the curve for 100 compounds used in 

PCA for ESI-. (A) Heatmap with clustering with metabolite clustering on the x-axis (top) and 

sample clustering on the y-axis. (B) Close-up examination of sample dendrogram for positive 

features showing extract similarities.  

 

(A) 

(B) 
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3.2 Anthocyanin quantitation 

3.2.1 Quantitation method development 

3.2.1.1 Optimization of separation parameters 

 Our initial goal was to develop a method quantifying anthocyanins with faster runtimes yet 

still accurate and reproducible. Method development began by using our previously published 

method. However, the previous column was a 1.8 µm ZORBAX Eclipse plus C18 column which 

we found quickly reached maximum pressure using a 400barr HPLC system. We decided to 

change from this fully porous particle stationary phase to a superficially porous column (2.7 µm 

Poroshell 120 SB-C18 column) of larger particle size and diameter. This change greatly reduced 

the column backpressure and allowed for a greater variety of flow rates and mobile phase 

conditions. Once the new column was in place, an optimal chromatographic resolution was 

achieved by evaluating several chromatographic gradients and flow rates while using the same 

mobile phase as our previously optimized method [including alternative mobile phases [e.g., 

aqueous phase (A): water with added FA; organic phase (B): MeOH:ACN (50:50) with added FA]. 

The chromatographic method which showed the best chromatographic separation and peak shape 

was the Poroshell 120 SB-C18 (Agilent Technologies) with a binary mobile phase consisting of 

0.1% FA in water and 0.1% FA in a MeOH:ACN (50:50) mixture at a flow rate of 0.35 mL/min. 

A method was developed capable of the quantification of anthocyanins in complex açaí extracts 

from a variety of starting materials and with multiple extraction solvents.  

 Anthocyanins 1, 2, 3, and 4, eluted at 5.605, 5.538, 5.605, and 5.755 min, respectively 

(Figure 12). The IS reserpine eluted at 6.989 min. While isotopically labeled standards can be 

used to increase the accuracy of quantitative analysis, there are no commercially available stable 
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isotopically labeled standards for anthocyanins. Reserpine was used because of its ease of 

ionization in the ESI+, which has made it a popular standard for positive ionization using ESI-MS. 

It was decided not to use another anthocyanin as an IS due to the potential for other anthocyanins 

not normally present in açaí that may be present in the case of adulteration. Adulteration of açaí 

materials has been reported by both addition or substitution of different plant species of lesser 

monetary value and by the addition of chemical standards to increase the yield of bioactive 

constituents or for enhancement of color [19, 128]. This methodology benefits greatly from the 

column used which has not previously been used for the separation and identification of 

anthocyanins or characterization of any açaí extracts, but has been used to separate different 

analytes from natural product mixtures such as phloroglucinol derivatives [130], flavonoids [131, 

132], saponins [133-135], and alkaloids [136, 137]. The use of this column allowed us to achieve 

an optimal separation at a shorter run time while using a 400barr HPLC system. This enhanced 

separation without the requirement of a UPLC system makes this method easily transferable to 

academic or industrial lab settings.  
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Figure 12. Extracted ion chromatogram of anthocyanins 1 (A), 2 (B), 3 (C), and 4 (D) present in 

acMeOH extracts of açaí raw materials (MRAC), anthocyanin standards (E-H), and internal 

standard (IS) reserpine (I). 
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The MS conditions reported previously by our group remained optimal for this application 

[85]. Some papers which have quantified anthocyanins from açaí materials have described them 

as protonated ions, [M+H]+, however, our mass spectrometer failed to detect an added proton. 

Rather, they should be described at [M]+ ions due to the three bonds to the anthocyanin oxygen 

[138]. The anthocyanins 1, 2, 3, and 4 showed [M]+ molecular ions at m/z 449.1078, 595.1660, 

581. 1510, and 609.1815, respectively (Table 5). The protonated molecular ion [M+H]+ of the IS 

reserpine was detected at m/z 609.2805. All analytes could be detected within a range of 5 ppm. 

 

Table 5. LC-ESI-MS data of anthocyanins present in MRAC extract and IS reserpine. 

Analyte RTa (min) Ion formula [M]+ [M]+ m/z Dif (ppm) DBEb 

1 5.605 C21H21O11 449.1078 -0.02 12 

2 5.538 C26H29O15 581.1591 1.33 13 

3 5.605 C27H31O15 595.1660 0.17 13 

4 5.755 C28H33O15 609.1815 -3.87 13 

IS 6.989 C33H41N2O9
c 609.2805c -0.27 13 

aRetention time 

bDouble bond equivalence 

cReserpine ion formula and m/z are [M+H]+ ions. 
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3.2.1.2 Calibration curve 

The analytical method was then validated for linearity, sensitivity, accuracy, repeatability, 

and intermediate precision. The quantitation of anthocyanins present in various açaí samples was 

performed by preparing a calibration curve of 12 concentrations containing all four anthocyanin 

standards. Whereas our previous linearity ranges were 0.24 – 31.25, 0.49 – 15.62, 0.12 –15.62, 

and 0.06 – 15.62 µg/mL for anthocyanins 1, 2, 3, and 4, our new linearity ranges for this method 

are more sensitive now due to enhancement of chromatographic conditions [85]. The new linearity 

ranges were determined to be 0.0044 – 1.12 µg/mL for 1, 0.0116 – 1.148 µg/mL for 2, 0.0113 – 

2.97 µg/mL for 3, and 0.0059 – 1.52 µg/mL for 4. With the enhancement of chromatographic 

conditions, our LLOD’s are at least a full order of magnitude lower than in our previous method: 

1 from 0.03 to 0.0014 µg/mL, 2 from 0.12 to 0.0043 µg/mL, 3 from 0.03 to 0.0028 µg/mL, and 4 

from 0.01 to 0.0027 µg/mL. All correlation coefficients are greater than 0.99 (Table 6).  
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Table 6. Regression equation, correlation coefficient, lower limit of detection (LLOD), lower limit 

of quantitation (LLOQ), and linearity range for anthocyanins by high resolution LC-ESI-MS. 

Analyte Calibration curve Correlation 

coefficient (r2) 

LLOD 

(µg/mL) 

LLOQ 

(µg/mL) 

Linearity range 

(µg/mL) 

M
o
d
if

ie
d
 M

et
h
o
d

 1 y = 0.170x – 0.035 0.9977 0.0014 0.0044 0.0044 – 1.120 

2 y = 0.123x – 0.050 0.9972 0.0043 0.0116 0.0116 – 1.148 

3 y = 0.158x – 0.177 0.9929 0.0028 0.0113 0.0113 – 2.970 

4 y = 0.076x – 0.016 0.9981 0.0027 0.0059 0.0059 – 1.520 

       

P
re

v
io

u
sl

y
 R

ep
o
rt

ed
 1 y = 1.835x + 0.527 0.9986 0.03 0.24 0.24 – 31.25 

2 y = 1.948x + 1.519 0.9952 0.12 0.49 0.49 – 15.62 

3 y = 2.898x + 0.721 0.9955 0.03 0.12 0.12 – 15.62 

4 y = 2.933x + 1.412 0.9930 0.01 0.06 0.06 – 15.62 
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3.2.1.3 Validation 

Accuracy of the method was assessed through recovery experiments in which samples were 

quantified before and after spiking with 0.1 µM of all four anthocyanin standards (Table 7). The 

samples were analyzed twice in the same day to assess intraday accuracy (repeatability) and 

analyzed two and four days after to assess interday accuracy (intermediate precision). The method 

was found to be accurate as all samples were between 80 – 120% accurate, with the range of 

intraday accuracy being 92.88 – 104.17%. The range of interday (2 and 4 day) accuracy was found 

to be 92.72 – 107.50%, which also falls between 80 and 120%. Relative standard deviation (RSD) 

percentages were very consistent across intraday and interday assessments, indicating that the 

method is also robust. For intraday (day 0), %RSDs remained under 4.59%, with 3.48 being the 

average %RSD. For interday assessment of the method, all measurements were between 2 – 4%, 

with 3.50% being the largest %RSD. All %RSD values were below the acceptable cutoff value of 

20%.  
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Table 7. Intraday (0 day) and interday (2 and 4 day) accuracy for anthocyanins 1, 2, 3, and 4 in 

MRAC, EOAC, and F2AC extracts. 

  Intraday (n=3)  Interday (n=3) 

Sample Analyte Found (ug/mL) % 

RSD 

Accuracy 

(%) 

 Found 

(ug/mL) 

% 

RSD 

Accuracy 

(%) 

MRAC 1 0.6962 ± 0.032 4.59 97.27  0.7209 ± 0.024 3.28 100.72 

2 0.1103 ± 0.003 3.11 104.17  0.1139 ± 0.003 2.57 107.50 

3 1.6984 ± 0.066 3.93 95.57  1.7243 ± 0.055 3.24 97.03 

4 0.1054 ± 0.004 3.54 101.04  0.1108 ± 0.004 3.50 106.24 

EOAC 1 0.1787 ± 0.006 3.81 100.37  0.1805 ± 0.006 3.40 101.38 

2 0.0871 ± 0.003 3.52 100.92  0.0881 ± 0.003 2.85 102.05 

3 0.3940 ± 0.008 2.74 98.28  0.3904 ± 0.010 2.62 97.36 

4 0.0803 ± 0.002 2.01 92.88  0.0802 ± 0.002 2.43 92.72 

F2AC 1 0.1348 ± 0.006 4.35 100.41  0.1399 ± 0.004 3.16 104.22 

2 0.0852 ± 0.004 4.14 101.10  0.0870 ± 0.002 2.54 103.29 

3 0.9970 ± 0.027 2.68 96.48  1.0175 ± 0.026 2.60 98.46 

4 0.0767 ± 0.003 3.43 94.32  0.0782 ± 0.002 3.05 96.20 

MRAC and EOAC were diluted 10X to avoid saturation of detector. Diluted samples were 

spiked and compared to diluted sample concentrations from strict quantitation the same day. 
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3.2.2 Anthocyanins in various açaí materials 

LC-ESI-MS analysis revealed that all four anthocyanins were present and quantifiable in all 

extracts at the concentration of 1 mg/ml (Figure 13, Table 8). For MR extracts, 3 was the most 

abundant anthocyanin (0.472 ± 0.009 – 15.1 ± 0.0 mg/g dry extract), followed by 1 (0.308 ± 0.006 

– 8.95 ± 0.01 mg/g dry extract), 4 (0.0631 ± 0.0011 – 1.01 ± 0.01 mg/g dry extract), and 2 (0.0291 

± 0.0008 – 0.470 ± 0.002 mg/g dry extract). This trend holds true for fruit extracts as well except 

for the aqueous extract (EOAQ), in which 3 is followed by 2, 4, and lastly 1. For EO extracts, 3 

was also the most abundant (0.608 ± 0.001 – 3.34 ± 0.01 mg/g dry extract), followed by 1 (0.144 

± 0.001 – 1.58 ± 0.01 mg/g dry extract), 4 (0.193 ± 0.001 – 0.569 ± 0.002 mg/g dry extract), and 

2 (0.0723 ± 0.0012 – 0.319 ± 0.001 mg/g dry extract). For both F1AC and F1ME extracts, 4 

(0.0522 ± 0.0017 – 0.0699 ± 0.0034 mg/g dry extract) was the least abundant anthocyanin rather 

than 2 (0.114 ± 0.004 – 0.119 ± 0.003 mg/g dry extract). While 3 was still the most abundant 

anthocyanin in all F1 and F2 extracts (0.380 ± 0.006 – 1.09 ± 0.02 mg/g dry extract), it was 

followed by 1 in F1AC extracts and 2 in F1ME extracts. For F2, both F2AC and F2ME extracts 

follow an order of abundance in alignment with the majority of extracts (3 > 1 > 4 > 2).  

MRAC contained the most total anthocyanins out of all extracts (25.5 ± 0.1 mg/g dry extract) 

followed by MRAQ (12.5 ± 0.1 mg/g dry extract), MRME (3.88 ± 0.01 mg/g dry extract), and 

MRET (0.872 ± 0.011 mg/g dry extract). For EO extracts, EOME had the most anthocyanin 

content (5.82 ± 0.01 mg/g dry extract), followed by EOAC (4.70 ± 0.01 mg/g dry extract), EOET 

(2.51 ± 0.01 mg/g dry extract), and EOAQ (1.16 ± 0.01 mg/g dry extract). F2 had a higher 

concentration of anthocyanins overall than F1 for both AC and ME extracts. Out of the formulation 

extracts, F2ME contained the greatest anthocyanin content (1.27 ± 0.02 mg/g dry extract), 
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followed by F2AC (1.23 ± 0.02 mg/g dry extract), F1AC (0.924 ± 0.010 mg/g dry extract), and 

F1ME (0.650 ± 0.011 mg/g dry extract).  

These findings are in agreement with the literature which describes 3 being the most 

abundant anthocyanin followed by 1 [19, 85, 96, 98]. The third and fourth most prominent 

anthocyanins found in açaí materials are interchangeably 2 and 4 [85, 98]. One limitation to this 

study was that we were not able to analyze açaí fruits cultivated from Brazil. This limitation arises 

from the fact that açaí fruits cannot be exported from Brazil where the plant is endemic due to the 

country’s regulations from their Biodiversity Law (Law 13.123) [139]. The law was put into place 

to protect the biological diversity of Brazil’s endemic species and prevent practices such as 

biopiracy [140]. 

We did not expect the anthocyanin concentration to be the lowest in EOAQ in comparison 

to other EO extracts when MRAQ was almost as concentrated as MRAC. The difference here 

could be the pH of the materials before extraction with plain deionized water. The MR materials 

were preserved with the addition of citric acid (lime juice) to enhance the stability of the chemical 

constituents whereas the EO fruits did not have this procedure performed in our laboratory. In 

contrast to other fruits such as blackberries which have a natural pH that is appropriate for 

anthocyanin stability (pH 2.6 – 3.9), açaí fruits have a higher pH at approximately 5.0 [141, 142]. 

Future extractions of our açaí fruits should include various amounts of acid modifiers to aqueous 

cleaning or extraction solvents to test if this improves anthocyanin stability and recovery. 
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Figure 13. Illustration of anthocyanin contents in various açaí extracts. AC, acidic methanol 

extract; AQ, aqueous extract; EO, Euterpe oleracea Mart. fruits; ET, ethanol extract; F1, BDS 

formulation 1; F2, BDS formulation 2; ME, methanol extract; MR, Mountain Rose powder (raw 

material) 
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Table 8. Anthocyanin content in various extracts of açaí purée, raw material, and dietary supplement capsules. 

Extract 1 %RSD 2 %RSD 3 %RSD 4 %RSD Total 

0-Day Quantitation 

MRAQ 3.0780 ± 0.004 1.23 0.3675 ± 0.001 3.46 8.3702 ± 0.025 2.94 0.7223 ± 0.002 2.52 12.5380 ± 0.030 

MRAC 8.9525 ± 0.009 1.03 0.4703 ± 0.002 4.2 15.1336 ± 0.016 1.04 1.0108 ± 0.003 2.94 25.5399 ± 0.008 

MRET 0.3083 ± 0.006 2.01 0.0291 ± 0.001 2.71 0.4718 ± 0.009 1.85 0.0631 ± 0.001 1.76 0.8723 ± 0.004 

MRME 1.0504 ± 0.002 1.74 0.2504 ± 0.001 3.5 2.2596 ± 0.002 0.69 0.3220 ± 0.001 3.43 3.8824 ± 0.006 

EOAQ 0.1437 ± 0.001 4.23 0.2121 ± 0.001 1.94 0.6081 ± 0.001 1.02 0.1930 ± 0.001 4.73 1.1569 ± 0.001 

EOAC 1.3665 ± 0.001 1.04 0.2783 ± 0.001 3.15 2.6251 ± 0.004 1.37 0.4324 ± 0.001 1.16 4.7023 ± 0.002 

EOET 0.6989 ± 0.006 0.86 0.0723 ± 0.001 1.73 1.4737 ± 0.013 0.89 0.2667 ± 0.007 2.57 2.5116 ± 0.007 

EOME 1.5845 ± 0.003 1.78 0.3194 ± 0.001 2.35 3.3456 ± 0.004 1.23 0.5687 ± 0.002 3.2 5.8182 ± 0.002 

F1AC 0.2014 ± 0.003 1.7 0.1142 ± 0.004 3.44 0.5390 ± 0.008 1.53 0.0700 ± 0.003 4.88 0.9246 ± 0.004 

F1ME 0.0988 ± 0.003 2.72 0.1189 ± 0.003 2.92 0.3804 ± 0.006 1.52 0.0522 ± 0.002 3.3 0.6503 ± 0.004 

F2AC 0.1392 ± 0.003 2.37 0.0320 ± 0.001 3.16 1.0247 ± 0.015 1.45 0.0390 ± 0.001 1.48 1.2349 ± 0.005 

F2ME 0.1129 ± 0.001 1.74 0.0297 ± 0.001 3.95 1.0964 ± 0.016 1.43 0.0405 ± 0.001 3.2 1.2795 ± 0.005 

30-Day Quantitation 

MRAQ 2.5322 ± 0.004 1.45 0.3762 ± 0.001 0.79 8.2645 ± 0.009 1.11 0.7172 ± 0.001 1.73 11.8901 ± 0.004 
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MRAC 7.1106 ± 0.006 0.65 0.4257 ± 0.001 2.43 14.6167 ± 0.013 0.9 1.0319 ± 0.002 1.47 23.1849 ± 0.006 

MRET 0.2648 ± 0.007 2.74 0.0329 ± 0.001 3.95 0.4906 ± 0.004 0.92 0.0543 ± 0.002 4.23 0.8426 ± 0.004 

MRME 0.9276 ± 0.002 1.89 0.2723 ± 0.001 2.12 2.1577 ± 0.001 0.65 0.2504 ± 0.001 4.21 3.6081 ± 0.001 

EOAQ 0.1694 ± 0.001 1.87 0.2414 ± 0.001 1.18 0.6022 ± 0.001 0.99 0.1013 ± 0.001 4.83 1.1143 ± 0.001 

EOAC 1.1413 ± 0.002 1.8 0.2860 ± 0.001 2.25 2.5864 ± 0.002 0.72 0.3753 ± 0.001 2.75 4.3890 ± 0.002 

EOET 0.5561 ± 0.009 1.55 0.0678 ± 0.002 2.75 1.4478 ± 0.020 1.37 0.2743 ± 0.005 1.69 2.9562 ± 0.009 

EOME 1.3090 ± 0.002 1.48 0.3332 ± 0.001 3.93 3.2681 ± 0.003 0.98 0.4976 ± 0.001 1.76 5.4079 ± 0.002 

F1AC 0.1598 ± 0.002 1.6 0.0963 ± 0.002 2.19 0.4334 ± 0.007 1.7 < LLOD n.d. 0.6895 ± 0.003 

F1ME 0.0846 ± 0.003 3.3 0.1049 ± 0.004 3.49 0.3351 ± 0.014 4.17 < LLOD n.d. 0.5246 ± 0.005 

F2AC 0.1160 ± 0.001 1.31 0.0324 ± 0.001 3.17 1.0252 ± 0.013 1.27 0.0320 ± 0.001 2.86 1.2056 ± 0.004 

F2ME 0.0979 ± 0.002 2.07 0.0311 ± 0.001 1.93 1.1128 ± 0.012 1.06 0.0306 ± 0.001 4.55 1.2724 ± 0.007 

LLOD, lower limit of detection 

n.d., not described 
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3.2.3 Anthocyanin stability testing 

Strict quantitation of extracts was performed again after extracts had been stored in 

acMeOH solution for 30 days at -80°C. The amount of anthocyanin content was lower at the 30-

day period than when quantified on the 0-day for 1 and 4 (Figure 14). Across all samples tested, 

the average recovery of 1 compared to 0-Day was 86.2%. The average recovery of 4 was similar 

at 71.0%. 3 had a slightly higher average recovery than 1 and 4, with an average of 96.5% of the 

analyte was measured at day 30 compared to day 0. 2 had the highest average percent recovery at 

100.6%. However, when 1 mg/mL extract solution was made from the lyophilized extract material 

that had been stored at -20°C, the concentration of anthocyanins was very similar to that of results 

of the previous 0-day quantitation that had been performed (data not shown). All %RSD values 

for quantitation of anthocyanins on 0-Day and 30-Day were less than 5% (Table 8). 

The stability of anthocyanins was also looked at from a matrix perspective (Figure 15). All 

extracts had nearly 100% average anthocyanin recovery except for extracts of F1, both AC and 

ME extracts. The average recovery of these two extracts was lower than the rest because of the 

instability of 4 in the two extracts, as it was not quantifiable after storage for 30 days (Table 8). 
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Figure 14. Depiction of average anthocyanin stability in acMeOH for 30 days at -80°C. Data 

shows is percent analyte recovery calculated by dividing the anthocyanin concentration on day 30 

by the anthocyanin concentration on day 0 and multiplying by 100. 
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Figure 15. Illustration of differences in average anthocyanin stability for various extract types 

stored in acMeOH for 30 days in -80°C. Data shows is percent analyte recovery calculated by 

dividing the anthocyanin concentration on day 30 by the anthocyanin concentration on day 0 and 

multiplying by 100. 
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3.3 CYP3A4 

3.3.1 Inhibition potential of BDS extracts on CYP3A4  

 A CYP3A4 inhibition assay was performed on genotyped CYP3A5*3/*3 HLM 

(homozygous non-expressors of CYP3A5) to examine the inhibition potential of F1 and F2 

extracts without the interference of CYP3A5. To avoid overestimating the effects of BDIs in-vitro, 

the absorption profiles of botanicals should be considered since several components of BDS, such 

as polyphenols, are poorly bioavailable [143]. A robust way to forecast transcellular passive 

absorption from the gastrointestinal tract is the PAMPA. Furthermore, due to PAMPA's high 

throughput capabilities and correlation with in-vivo absorption data, it has been utilized to assess 

the permeability of natural products from complex mixtures during bioavailability screening [144]. 

Instead of evaluating the entire extract for CYP3A4 inhibition, we have used the PAMPA in this 

instance to investigate components of açaí BDS that either have or have not passively diffused 

across the artificial membrane to mimic physiological conditions better. Inhibition curves are 

displayed in Figure 16 for both passively and non-passively diffused compounds of F1 and F2 

extracts. For F1AC, passively and non-passively diffused compounds displayed 50% CYP3A4 

inhibition at the donor compartment concentrations 1,253 and 15.58 ng/mL CG, respectively. 

F1ME extracts inhibited CYP3A4 at 1,486 and 5.764 ng/mL CG for both passively and non-

passively diffused constituents. While no inhibitory effects were observed in the presence of F2ME 

passively or non-passively diffused constituents, the non-passively diffused constituents of F2AC 

inhibited CYP3A4 with a predicted IC50 value of 1,158 ng/mL CG. This value was predicted due 

to the inhibition not reaching 50% within the human-relevant concentration ranges administered. 

The non-passively diffused compounds in F1ME extract exhibited the highest inhibitory activities 

at concentrations less than the manufacturer's recommended dose at 2 capsules per intestinal fluid 
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volume (equivalent to 256.7 ng/mL CG or 2% of the daily dose). F1 extracts generally displayed 

higher inhibition potential than extracts of F2.  

 In contrast to our previous work, the passively diffused constituents did not inhibit 

CYP3A4 at a significantly relevant concentration. This indicates that BDS containing açaí may 

not inhibit CYP3A4, at least not through passively diffused compounds. Compounds from açaí 

BDS that inhibit CYP3A4 may be absorbed through other mechanisms, such as transporters. IC50 

values reported for passively diffused F1 and F2 extracts constituents in the acceptor compartments 

for CYP3A4 inhibitory activity were calculated based on the concentrations of the extracts applied 

on the donor compartments of the PAMPA plates at time 0. These values do not reflect the 

concentration in the acceptor compartment. 
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Figure 16. Inhibition curves for the inhibition of CYP3A4 by non-passively diffused (from 

PAMPA donor compartment) and passively diffused (from PAMPA acceptor compartment) 

compounds in açaí BDS formulations. Activity expressed as the percentage of the remaining 

activity compared with DMSO control (F1AC and F2AC extracts required no DMSO). Data 

expressed as mean ± SD of three independent experiments. IC50 values were calculated based on 

concentrations of PAMPA donor compartment at time 0. 
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3.3.2 LC-MS-based chemical characterization of BDS extracts 

 A method was made to perform chemical fingerprinting of the samples to identify potential 

CYP3A4 inhibitors from BDS extracts. In our previous work quantifying anthocyanins in açaí 

extracts including BDS samples, we found that the Poroshell 120 SB-C18 column provided good 

separation for anthocyanins from other compound classes found in açaí such as organic acids, 

flavonoids, terpenoids, and fatty acids [126]. This method was developed through the pooling of 

the four extracts and trying various gradients until optimal separation was achieved by employing 

the same mobile phase as our previously optimized approach and assessing a variety of 

chromatographic gradients and flow rates (including other mobile phases, such as aqueous phase 

(A): water with added FA and organic phase (B): MeOH:ACN (50:50) with added FA) [125]. The 

method was then assessed for intraday and interday reproducibility by running the samples twice 

on the same day and seven days apart. The chromatographic method which showed the best 

chromatographic separation and peak shape was the binary mobile phase consisting of 0.1% FA 

in water and 0.1% FA in MeOH at a flow rate of 0.2 mL/min. A method was developed to separate 

various compound classes with a broad polarity range in complex açaí BDS extracts. 

 Previously, Zhang et al. (2019) was the first to use MassHunter Profinder and Mass Profiler 

Professional (MPP) as part of a permeability study. Here it was used to examine similarities and 

differences between constituents of F1 and F2 extracts as well as the permeability of their 

constituents. When comparing the entities of F1 and F2 extracts, sample groups included the BDS 

extracts dissolved in acMeOH for chemical analysis. After batch recursive feature extraction and 

data alignment, each extract's total number of features was 40, 73, 45, and 97 for F1AC, F1ME, 

F2AC, and F2ME, respectively (Figure 17). Out of a total of 40 entities in F1AC, 9 were found to 

be unique. For F1ME, 23 chemical entities were unique to this extract. Only 3 unique extracts were 
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found in F2AC while the greatest number of unique compounds (38) were found in F2ME. There 

were 21 compounds shared only between the two ME extracts and 6 compounds found only in AC 

extracts. Our previous assessment of raw organic açaí fruit powder extracts found many more 

compounds present (715 in MeOH açaí extract), which leads us to believe that the BDS powders 

are less chemically complex than raw materials due to processing and dilution with excipients. The 

lack of chemical complexity could be why the inhibitory effects of açaí BDS extracts were not 

observed compared to those previously shown with MeOH açaí fruit powder extracts. 

 Our permeability studies found that 35, 65, 55, and 85 entities were extracted from PAMPA 

donor compartments of F1AC, F1ME, F2AC, and F2ME, respectively (Figure 18). Background 

ions found in DMSO/buffer control were excluded from analysis using Profinder software before 

visualization using MPP.  
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Figure 17. Venn diagram of BDS extract compounds present in each of the four BDS extracts. 

Compounds unique to F1ME (23) which were further examined are highlighted in green. 
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Figure 18. Venn diagrams of BDS extract compound passive permeability. Entities from DMSO 

buffer control were excluded as part of Profinder analysis. 
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3.3.3 Structural elucidation of constituents with CYP3A4 inhibition activity 

 In a previous work predicting and identifying antibacterial compounds from Psidium 

guajava L, we demonstrated the power of having an automatic dashboard that integrates mass 

spectrometry and bioactivity data into a molecular network for fast identification of bioactive 

natural products [120]. For complex mixtures, getting MS/MS data for all compounds present in 

the mixture can be challenging. However, all features can be examined using full-scan mass 

spectrometry data. Non-passively diffused constituents of F1ME showed the highest CYP3A4 

inhibition potential. Therefore, we used this tool to find 6 features with significant bioactivity 

scores (p < 0.05) predicted to be CYP3A4 inhibitors listed in Table 9 with their assigned formulas, 

RTs, and MS and MS/MS data. Out of these 6 compounds, only compound 3 could be tentatively 

identified as betaine (N-trimethyl glycine) with an MS/MS fragmentation match of 92.52% at 40 

eV. 

 Compound 3 was assigned as betaine according to the reported MS/MS spectra in the 

METLIN database, where the compound contained matching characteristic fragment ions 

including m/z 118, 59, 58 [145]. Betaine is a common metabolite of plants and animals whose 

main function in plants is to shield cells against osmotic inactivation. It is primarily found in wheat 

bran and wheat germ, beets, and spinach. In humans, betaine has been found to reduce vascular 

risk factors, protect internal organs, and boost performance [146]. The GNPS-Bioactivity tool 

predicted betaine from the correlation between the uniqueness and abundance of mass spectral 

features and bioactivity of the sample. However, due to its small size and lack of affinity for 

CYP3A4, we do not believe that betaine is an inhibitor of CYP3A4 in vivo.  
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 For the other five compounds, MS/MS experiments performed up to 60 eV collision 

energies provided fragmentation patterns that did not yield compound matches in any of the 18 

databases searched. Even though most libraries only include fragmentation spectrum up to 45 eV, 

we hoped increasing collision energy would provide additional fragments and give more structural 

information. Five compounds, 1, 2, 4, 5, and 6, could not be identified, but they are believed to be 

some form of unknown phospholipid based on the RT and MS/MS fragment losses. All five 

compounds have neutral losses of 119.96 (C2HO4P) and 79.96 (HPO3) in ESI+ as well as fragment 

ions 96.96 (H2PO4
-) and 78.95 (PO3

-) in ESI- (data not shown) [147]. For compounds 2 and 6 the 

loss of 79.96 is much more minor than in the other three unknown compounds. While compound 

5 had a very high match to LysoPI (13:0/0:0) in our METLIN library based only on parent mass, 

the fragmentation pattern was not a match according to LIPID MAPS (which only provided a ESI- 

in silico list of MS/MS fragments).



Table 9. Predicted bioactive compounds for CYP3A4 inhibition from F1ME extract. 

 

 RTa m/z 

[Adduct] 

Molecular 

Formula 

Error 

(ppm) 

Scoreb ESI-MS/MS fragment m/z (% base peak) P-value Compound 

Name 

1 24.53 575.2833 

[M+H]+ 

C24H47O13P  0.35 91.21 40 eV CE: 575.27 (100), 495.33 (4), 455.33 

(21), 142.94 (6) 

60 eV CE: 455.36 (46), 142.90 (100), 

107.04 (51) 

0.0021 Unknown 

2 24.7 619.3094 

[M+H]+ 

C26H51O14P  0.10 92.64 40 eV CE: 619.30 (100), 539.34 (4), 499.35 

(19), 142.94 (3) 

60 eV CE: 619.29 (30), 499.36 (54), 287.14 

(54), 237.06 (45.8), 142.93 (100), 57.07 

(49) 

0.0024 Unknown 

3 1.23 118.0862 

[M]+ 

C5H12NO2  0.24 92.52 20 eV CE: 118.08 (22), 59.07 (50), 58.06 

(100) 

40 eV CE: 59.07 (1), 58.06 (100), 43.04 (6), 

42.03 (8) 

0.0039 Betaine 
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4 24.84 663.3356 

[M+H]+ 

C28H55O15P  0.25 93.87 40 eV CE: 663.33 (100), 543.38 (12) 

60 eV CE: 663.34 (100), 543.38 (99), 

309.13 (36), 239.08 (20), 221.07 (21), 

151.03 (21), 142.93 (30) 

0.0097 Unknown 

5 24.33 531.2573 

[M+H]+ 

C22H43O12P  0.24 88.35 20 eV CE: 531.25 (100), 411.30 (5) 

40 eV CE: 531.25 (100), 411.30 (32), 

142.94 (19) 

0.0363 Unknown 

6 24.95 707.3618 

[M+H]+ 

C30H59O16P 0.14 92.43 40 eV CE: 707.35 (100), 587.41 (8)  

60 eV CE: 707.35 (98), 587.41 (100), 

543.38 (11), 309.12 (10), 239.07 (14), 

221.08 (17), 142.93 (20).  

0.0411 Unknown 

aRetention time in minutes.  

 bScore for molecular formula generated based on mass, isotopic abundance, and isotopic spacing except for compound 3 which the 

score is for formula generation and MS/MS fragmentation match. 
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3.4 UGT inhibition studies 

3.4.1 Method development for quantitation of glucuronide metabolites 

The goal was to develop a method quantifying glucuronide metabolites and an IS with a 

run time that allows for high throughput analysis. The six metabolites and their respective isoforms 

are listed in Table 10. The structures of the UGT metabolites used are included in Figure 19. A 

method has not been published previously for the separation of these six UGT metabolites with 

the internal standard chlorpropamide. Previous methods for UGT cocktail assays have 

alternatively used 4-hydroxyindole for UGT1A4 [148], zidovudine for UGT2B7 [149, 150], 

etoposide for UGT1A1 and isoferulic acid for UGT1A9 [150]. Chen et al. also used 

chlorpropamide as an internal standard, but only for ESI- ions. Neither Seo et al. nor Gradinaru et 

al. used internal standards for their metabolite quantification. All three methods published 

previously used various C18 stationary phases for their separations.  

Our method development began by using our previously published method for CYP3A4-

mediated midazolam metabolism quantitation. When this method was unsuccessful in resolving 

the metabolites, we tried various chromatographic gradients until an optimal one could be reached. 

After this, two additional stationary phases were tried including an end-capped C18 column and a 

phenyl hexyl column. The ZORBAX Eclipse Plus Phenyl-Hexyl (Agilent Technologies) column 

provided the greatest amount of separation using a binary mobile phase consisting of 0.1% FA in 

water and 0.1% FA in ACN at a flow rate of 0.5 mL/min. A comparison of the separations using 

a C18 column and the phenyl hexyl column, each with optimized methods, is shown in Figure 20.  

Using a C18 column, we were able to separate well compounds trifluoperazine N-

glucuronide (3) and propofol glucuronide (5), which is a separation that was not achieved by Seo 
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et al. (Figure 20A). Similarly, Seo et al. found separating the metabolites of UGT1A6 (4) and 

UGT2B7 (6) to be difficult, even when using 4-hydroxyindole glucuronide rather than serotonin 

glucuronide. These glucuronide metabolites 4 and 6 were also poorly retained using C18 as a 

stationary phase with retention times around 1 minute. Using the phenyl-hexyl column, 

compounds 4 and 6 were retained more in addition to being completely resolved from one another. 

In similar fashion to Chen et al., compound 2 could not be resolved from IS chlorpropamide 

(7) when using C18 as a stationary phase (Figure 20A). The phenyl-hexyl column was able to 

separate metabolite 2 from 7, although not completely resolved from propofol glucuronide (5) 

(Figure 20B). However, the peak apexes of 2 and 5, which are most important when performing 

quantitation with a QTOF, are not overlapping. In addition to being able to retain compounds based 

on hydrophobic interactions, like a C18 column, the phenyl-hexyl column provides increased 

specificity for compounds with pi bonds and exposed lone pairs which allowed for better 

separation of metabolites and the IS. Glucuronide metabolites for UGT isoforms 1A1, 1A3, 1A4, 

1A6, 1A9, and 2B7 eluted at 4.292, 4.749, 4.498, 1.920, 4.703, and 2.105 min, respectively (Table 

10). The IS chlorpropamide eluted at 5.163 min. Isotopically labeled standards are available for 

each of the glucuronide metabolites, but chlorpropamide was chosen to be the IS instead due to 

reliable commercial availability in addition to ionization in both ESI+ and ESI- (as seen in Figure 

21). All metabolites and the IS could be detected accurately within a range of 5 ppm. Because of 

the resolution of each of the compounds, this method could be used in isolated assays which 

measure inhibition of metabolite formation in only one UGT isoform and potentially has use in 

UGT cocktail assays (which assay multiple UGT enzymes for inhibited substrate metabolism at 

once).
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Table 10. LC-MS detection of glucuronide metabolites from in-vitro assay conditions. 

 UGT Metabolite name RT (min) Ion Formula Adducts m/z Dif (ppm) 

1 1A1 17-beta-estradiol glucuronide 4.292 C24H31O8  [M-H]- 447.2025 2.58 

2 1A3 Chenodeoxycholic acid 24-acyl-

glucuronide 

4.749 C30H47O10  [M-H]- 567.3201 4.63 

3 1A4 Trifluoperazine N-glucuronide 4.498 C27H32F3N3O6S  [M+H]+ 584.2034 -0.46 

4 1A6 Serotonin glucuronide 1.920 C16H21N2O7  [M+H]+ 353.1341 -0.64 

5 1A9 Propofol glucuronide 4.703 C18H25O7  [M-H]- 353.1626 5.73 

6 2B7 Naloxone 3-beta-glucuronide 2.105 C25H30NO10  [M+H]+ 504.1860 -0.84 

7 ISa Chlorpropamide 5.163 C10H12ClN2O3S  

C10H14ClN2O3S  

[M-H]- 

[M+H]+ 

275.0276 

277.0406 

4.86 

-0.78 

aInternal Standard 
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Figure 19. Structures of UGT metabolites used in development of LC-MS assay. Compounds are 

labeled according to Table 10. 
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Figure 20. Comparison of (A) traditional C18 and (B) phenyl-hexyl stationary phases for the 

separation of UGT metabolites (1-6) and IS (7). Metabolites are labeled according to Table 10.  
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Figure 21. Extracted ion chromatograms (EICs) for UGT metabolites and IS chlorpropamide by 

LC-MS. 
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4. Conclusions and Future Directions 

 Cancer remains the leading cause of death worldwide, and BDS are often consumed more 

by cancer patients than otherwise healthier patients without cancer to alleviate side effects of 

chemotherapy drugs and/or increase quality of life. However, many patients do not know the risks 

of concomitant use of BDS with anticancer drugs and the possibility for increased AEs, which may 

be life-threatening. Açaí is a popular botanical which cancer patients use to complement their 

anticancer agents. The FAERS database indicated potential for life-threatening AEs when patients 

used anticancer drugs and BDS containing açaí synchronously, but the mechanism of this 

interaction remains unknown. Our group previously found that both passively and non-passively 

diffused compounds in MeOH açaí fruit extract displayed significant inhibition of hepatic 

CYP3A4 – suggesting potential for interactions between açaí BDS and CYP3A4-interactive drugs. 

Before testing this hypothesis, analytical methods to chemically characterize and standardize açaí 

products prior to in vitro testing were needed.  

 An LC-MS method was generated for chemical fingerprinting, untargeted metabolomics, 

and identification of chemical constituents of 16 açaí extracts from different origins and extraction 

types. This method allowed for the identification of several compound classes, including fatty 

acids, flavonoids, phenols, organic acids, and amino acid derivatives, among other constituents. 

Of these 173 compounds that were found, 138 have not previously been reported in açaí to our 

knowledge. The success of the compound identification and specificity of the statistical models 

created indicates that our strategy for LC-MS and LC-MS/MS analysis could be used for additional 

botanicals in the future that are of interest for BDIs. This LC-MS/MS method can be made into a 

targeted metabolomics approach specific to compounds of interest that may have been important 

to the PCA or HCA models that were not previously identified using an untargeted approach.  



 
 

121 

The future of this work will result in the characterization of compounds from açaí which 

are either passively or non-passively permeable after oral consumption. Because the açaí extracts 

have been examined and constituents described, many compounds that are intestinally permeable 

may have been tentatively or positively identified in this work. This LC-MS chemical 

fingerprinting method will be used to characterize samples from in-vitro PAMPAs in addition to 

in-vivo bioavailability studies using rats.  

Extracts from botanical natural products should be chemically standardized to certain 

concentrations of bioactive or marker compounds prior to testing in vitro to allow for 

concentrations that can best represent physiological conditions. Only one compound, cyanidin 3-

O-glucoside, has been quantified in human plasma previously, so it and three additional 

anthocyanins were quantified in our açaí extracts.  

 In past literature, methods using MS to quantify anthocyanins in açaí extracts ranged from 

35-120 minutes per injection. These methods with long run times make the quantitation very 

difficult and time-consuming. In this study, we reported a 10-minute quantitative method for 

anthocyanins that is fast while remaining reproducible, sensitive, and accurate. In conclusion, the 

column used in this quantitative method was a 2.1 x 100 mm, 2.7 μm Poroshell 120 EC-C18 

column which greatly enhanced our chromatographic method and allowed for shorter run times, 

sharper peaks, and greater sensitivity to our analytes. All four anthocyanins were present in each 

of our twelve extracts with a similar analyte profile with cyanidin 3-O-rutinoside being the highest 

in concentration followed by cyanidin 3-O-glucoside. This is the first comparison of açaí 

anthocyanin profiles between the fresh fruits and processed powders and BDS capsules, where we 

found that the highest concentration of anthocyanins was found in the açaí organic fruit powder. 

The lowest concentration of anthocyanins was found in the BDS capsules, in which the two 
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formulations had different anthocyanin profiles despite both being made from aqueous açaí 

extracts. In addition to the differences between profiles, the Natrol dietary supplement capsule (F2) 

had nearly twice the anthocyanin content of the Nature Way dietary supplement capsule (F1). The 

anthocyanins in these açaí extracts were also found to be very stable except for the F1ME and 

F1AC extracts in which one anthocyanin, peonidin 3-rutinoside (4) could not be quantified after 

30 days. Lastly, we were able to generate a LC-MS method for this purpose that was assessed for 

linearity, sensitivity, accuracy, intermediate precision, and repeatability. A fast and robust method 

is necessary for the quantitation of bioactive compounds so that botanical extracts can be 

standardized accurately before testing in biological assays. This method can be used to measure 

anthocyanins reproducibly in a variety of açaí extract types for industrial or academic purposes.  

In the project prior, our group elucidated that both passively and non-passively diffused 

compounds in MeOH açaí fruit extract displayed significant inhibition of hepatic CYP3A4. This 

led to the current project which investigated the potential for constituents in açaí BDS to inhibit 

CYP3A4 metabolism of midazolam. Our research demonstrated that non-passively diffused 

compounds in the F1ME extract had the greatest potential to inhibit CYP3A4 and result in 

CYP3A4-mediated BDIs. The identities of one compound, betaine, and descriptions of 5 

unidentified compounds characterized by uniqueness and high abundance in F1ME were reported. 

This method, which makes use of PAMPA, could reduce the tendency for in vitro drug metabolism 

studies to produce inflated results. This method may be applied to further improve the accuracy of 

measuring in vitro BDIs. While açaí BDS may not inhibit CYP3A4 through passively diffused 

compounds, the non-passively diffused compounds may be absorbed through other mechanisms 

and should be further examined om a subsequent project. 
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UGTs are an understudied enzyme family for their potential to be a target of BDIs. A 

literature search performed found that many anticancer drugs metabolized by UGTs may have 

serious AEs related to cardiovascular symptoms if taken concomitantly with a UGT inhibitor. 

Based on this, we believed that UGTs could be a potential target for BDIs caused by açaí 

constituents when taken synchronously. In this study, we report an LC-MS method that can be 

used to quantify the metabolites of six UGT probe substrates so that these UGT isoforms can be 

assessed for in vitro inhibition by açaí extracts. A method had not been previously published using 

these six UGT metabolites with the internal standard chlorpropamide. The method created was 

able to separate the 6 metabolites and IS within a complex matrix with minimal sample preparation 

in under 6 minutes with a two-minute re-equilibration time (for a total run time of 8 minutes per 

sample) using a phenyl-hexyl stationary phase. This method was capable of separating UGT 

metabolites trifluoperazine glucuronide and propofol glucuronide, in addition to the separation of 

chenodeoxycholic acid glucuronide from the internal standard chlorpropamide. These two 

separations had not been successfully achieved in previously published methods. Later, this 

method will be used to elucidate enzyme kinetics and develop these in vitro assays before testing 

the inhibition potential of açaí extracts.  
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