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Effect of pilot-scale high-temperature short-time processing on the retention of key micronutrients in a fortified almond-based beverage: implications for fortification of plant-based milk alternatives
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The effect of thermal processing treatments on key micronutrients in fortified almond-based beverages has not been well characterized. An almond-based beverage was produced in a pilot plant, fortified with vitamin A palmitate, vitamin D2, riboflavin (vitamin B2), calcium carbonate, and zinc gluconate, and was processed using various high-temperature short-time (HTST) pasteurization treatments. Naturally present micronutrients in the base ingredients included several B vitamins (vitamin B1 [thiamin], total vitamin B3 [sum of nicotinamide and nicotinic acid], and total vitamin B6 [sum of pyridoxal, pyridoxamine, and pyridoxine]) and minerals (magnesium, phosphorus, and potassium). The prepared almond-based beverage was homogenized and thermally processed using HTST pasteurization with a temperature range from ~94 to 116°C for a constant time of 30 s. The samples were analyzed for vitamin A palmitate, vitamin D2, target B vitamins (thiamin, riboflavin, total vitamin B3, and total vitamin B6), and minerals (magnesium, phosphorus, potassium, calcium, and zinc). The results showed that amounts of vitamin A, vitamin D2, riboflavin, and total vitamin B6 did not significantly (p > 0.05) change after the HTST treatments, whereas thiamin significantly (p < 0.05) decreased by 17.9% after HTST treatment at 116°C. Interestingly, total vitamin B3 content significantly (p < 0.05) increased by 35.2% after HTST treatment at 116°C. There was no effect of processing on the minerals that were monitored. The results from this study indicate that the majority of key micronutrients assessed in this study are stable during HTST processing of an almond-based beverage and that fortification of plant-based milk alternatives may be a viable process to enhance the micronutrient content consumers receive from these products.
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1 Introduction

The increase in consumer demand for plant-based foods that are marketed and sold as alternatives for milk (plant-based milk alternatives or PBMAs) has resulted in a wide assortment of products available in the category (1). PBMAs can currently be broadly classified into those produced using a nut, grain, or legume base. Regardless of whether a PBMA is produced using nuts, grains, or legumes, they can be relatively lower in certain key micronutrients when compared to bovine milk (“milk”) (2–4). Because consumers may use PBMAs as a substitute for milk, some manufacturers fortify these products with micronutrients (e.g., vitamin D, calcium, and vitamin B2 [riboflavin]) to mimic amounts found in fortified dairy products (5, 6) Additionally, it has been reported that consumers prefer PBMAs that are fortified with vitamin A, vitamin D, and calcium (7). Consuming foods, including beverages, containing or fortified with sufficient amounts of key micronutrients is especially critical because many dietary patterns do not result in consumption of the recommended amounts of certain micronutrients, such as calcium and vitamin D (8–10).

High-temperature short-time (HTST) pasteurization is a type of thermal processing that is commonly used by industry for dairy products and other liquid foods to reduce the risk of microbial hazards that may be present in unprocessed foods (11, 12). HTST pasteurization is also used to process PBMAs to produce a product that is stable under refrigerated conditions. Soy-based beverages and other types of PBMAs have been reported to undergo thermal processing at temperatures >80°C to not only inactivate microbial hazards, but also to reduce anti-nutritional factors (e.g., enzyme inhibitors) that may be present in PBMAs (13, 14). Furthermore, beverages fortified with fat-soluble vitamins are also routinely homogenized because, among several reasons, fat-soluble vitamins will partition into the lipid fraction, resulting in potential over- or under fortification of a finished product (12, 14, 15). Another important aspect of processing fortified foods to consider is that key nutrients, such as vitamins A and D, have the potential to degrade under certain processing conditions (16, 17). Previous work has shown that thermal processing of soy-based beverages degrades thiamin (18). Thus, it is critical to have information on the potential degradation of key micronutrients in PBMAs during thermal processing to understand the effect of various processing methods on the nutrient content of these products and to provide a rationale on fortification levels to use for these products.

In this study, a fortified almond-based beverage was developed on a pilot scale to mimic a commercial product. An almond-based beverage was selected for this study because it is one of the most popular types of PBMAs (19). The almond-based beverage was subjected to HTST processing and homogenization to determine the effect of the processing on key micronutrients. Samples were analyzed for vitamin A, target B vitamins, vitamin D2, and for target minerals (magnesium, phosphorus, potassium, calcium, and zinc). The amounts of micronutrients in the processed samples were then compared to the unprocessed sample to determine the retention of these compounds after processing. The results from this study help fill the current gap in knowledge on the effect thermal processing has on key micronutrients in a fortified almond-based beverage.



2 Materials and methods


2.1 Chemicals, standards, and reference material

Chemicals obtained from Thermo Fisher Scientific (Waltham, MA, USA) were Optima grade acetonitrile, acetone, methanol, formic acid, and concentrated nitric acid; HPLC grade isooctane, methyl-t-butyl ether and absolute ethanol; reagent grade 4-phenyl-1,2,4-triazoline-3,5-dione (PTAD), potassium hydroxide, sodium acetate, hydroquinone, papain, glacial acetic acid, hydrochloric acid (36%), pyrogallol, potassium phosphate dibasic, metaphosphoric acid, and retinyl palmitate standard (vitamin A palmitate). Reagent grade acid phosphatase, α-amylase, papain, and ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA) were from Sigma-Aldrich (St. Louis, MO, USA), as well as the standards vitamin D2 (ergocalciferol), d6-vitamin D2 (26,26,26,27,27,27-d6 ergocalciferol), nicotinamide, pyridoxine hydrochloride, riboflavin, thiamin hydrochloride, pyridoxamine dihydrochloride, and pyridoxal hydrochloride. Nicotinic acid standard was sourced from Toronto Research Chemicals (North York, ON, Canada). Pyridoxamine dihydrochloride standard was purchased from Entegris (Aurora, IL USA). Stable isotopes 2H4-nicotinamide, 2H4-nicotinic acid, 2H3-pyridoxamine, 13C4-thiamin, and 13C4,15N2-riboflavin acid were from Toronto Research Chemicals (North York, ON, Canada). Additionally, 13C4-pyridoxine and 2H3-pyridoxal were from Entegris (Aurora, IL USA). Stock standard containing target elements was from Inorganic Ventures (Blacksburg, VA, USA). Internal standard mix for inductively coupled plasma-mass spectrometry (ICP-MS) was purchased from Agilent Technologies (Santa Clara, CA, USA).

Deionized (DI) water (18.2 MΩ cm at 25°C) was obtained from a Milli-Q system (Millipore-Sigma; Burlington, MA, USA). Standard Reference Material (SRM) 1869 (Infant/Adult Nutritional Formula II; milk/whey/soy-based) was from the National Institute of Standards and Technology (NIST; Gaithersburg, MD, USA).



2.2 Almond-based beverage formulation

An almond-based beverage was produced in-house using a formulation aimed to mimic the composition of a typical commercially available product (20–22). The almond-based beverage was formulated with approximately 2% weight concentration (weight per weight) (w:w) almond butter, 0.02% (w:w) gellan gum, and 0.2% (w:w) deoiled lecithin powder. The exact amounts of the ingredients are described below in Section 2.3, which describes production. The almond butter (particle size < 254 μm) was from Cache Creek Foods (Woodland, CA, USA). Gellan gum and sunflower deoiled lecithin powder were from Tate & Lyle North America, Inc (Decatur, IL, USA). A vitamin and mineral premix was provided by Caldic North America (Mississauga, ON, Canada). The vitamin and mineral premix is a commercially available product designed to fortify PBMAs and was used in amounts as suggested by the manufacturer. The premix contained calcium carbonate, zinc gluconate, vitamin A (as retinyl palmitate), riboflavin, and vitamin D2 (as ergocalciferol).



2.3 Production of the almond-based beverage

The almond-based beverage was produced and processed over three independent trials in the pilot plant facility at the Institute for Food Safety and Health (IFSH; Bedford Park, IL, USA). An overview of the experimental process is shown in Figure 1A. Each batch size was approximately 75 L. First, 75.0 kg of tap water was placed into a Breddo Likwifier mixer (Ensight Solutions, LLC; Strafford, MO, USA). Almond butter (1,503.1 ± 1.9 g), 15.0 ± 0.0 g of gellan gum, and 150.0 ± 0.1 g of lecithin were added into the water and mixed for 15 min at ambient temperature. Afterwards, 253.2 ± 0.1 g of vitamin/mineral premix was added and mixed for an additional 15 min at ambient temperature. After mixing, 1 L of the almond-based beverage was sampled from the mixer for micronutrient analysis (designated as the unprocessed sample). The mixing was continued throughout the production time period.


[image: Figure 1]
FIGURE 1
 (A) Schematic of the processing design for pilot scale production of an almond-based beverage; (B) Representative image of the finished almond-based beverage. HTST, high-temperature short-time.


The almond-based beverage was then processed by pumping it through an Atomo 3.0 homogenizer (Bertoli; Reggio Emilia, Italy) followed by a Bantam 1-S HTST Pasteurizer (MicroThermics; Raleigh, NC, USA). Processing parameters were selected based on pasteurization conditions used for PBMAs (14, 23). The selected conditions would be expected to eliminate greater than 5 log of vegetative pathogens and most spoilage organisms (24). The homogenizer unit was set to 179 bar for all thermal treatment conditions. Because of the importance of monitoring temperature during the experiment (25), temperatures were recorded with a thermocouple. After homogenization, the almond-based beverage underwent thermal treatment at 93.7 ± 0.2°C, 105.2 ± 0.2°C, and 116.3 ± 0.2°C. The flow rate was 508.3 ± 2.9 mL/min with a 30 s hold time in the pasteurizer. The almond-based beverage was rapidly cooled using a water supply line containing ambient temperature water. For all temperature treatments, the almond-based beverage was 29.9 ± 1.0°C at the heater intake and 26.9 ± 1.9°C at the cooler outlet. A sample of the homogenized and pasteurized almond-based beverage was collected at the pasteurizer outlet in a Nalgene bottle. The finished product is shown in Figure 1B. Three independent trials were performed at each pasteurization temperature. For the second and third trials, a “homogenized only” sample was produced that was homogenized at relatively low temperatures (< 46.1°C) for use as the control for vitamin A data only. All collected samples were stored at −20°C until analysis.



2.4 Vitamin A analysis using HPLC-DAD

The samples were analyzed for vitamin A as retinyl palmitate using AOAC Official Method 2012.10 (26). In brief, after the frozen samples were thawed and thoroughly mixed, 5.0 g of each sample was dispensed into an amber 50 mL polypropylene tube (Chemglass Life Sciences; Vineland, NJ, USA). This was followed by the addition of 5 mL of enzymatic digestion solution (papain:sodium acetate:hydroquinone; 20 g/L:40 g/L:1.0 g/L). Samples were incubated in a 37°C water bath for 25 min. After the samples were cooled to room temperature, 20 mL of acidified methanol (20 mL acetic acid + 1 L methanol) was added to each sample and then samples were shaken for 10 min using a GenoGrinder automated shaker (SPEX SamplePrep; Metuchen, NJ, USA). Each sample was mixed with iso-octane (10 mL) and then placed in the shaker for an additional 10 min. The samples were centrifuged (Sorvall Legend X1R; Thermo Fisher Scientific, Waltham, MA, USA), and approximately 1 mL of the organic layer from each sample was transferred to an amber LC vial (Waters Co., Bedford, MA, USA) for analysis. An amber vial was used to prevent degradation of the light-sensitive micronutrients.

Retinyl palmitate was quantified using high-performance liquid chromatography (HPLC; Agilent 1260 Infinity; Santa Clara, CA, USA) equipped with a photodiode array detector (HPLC-DAD). Separations were achieved using a Zorbax NH2 column (150 × 4.6 mm, 5 μm; Agilent Technologies, Santa Clara, CA, USA). A linear gradient elution was used with mobile phase A as n-hexane, and mobile phase B as n-hexane:methyl-t-butyl ether:methanol (750:250:3). The flow rate was set to 1.5 mL/min, and the total elution cycle was 20 min. Sample injection volume was 50 μL, and both cis- and trans-retinyl palmitate isomers were monitored at 325 nm. Quality control measures for analysis included validating each analytical sequence by analyzing a sample of SRM 1869.



2.5 Vitamin D2 analysis using UPLC-MS/MS

Vitamin D2 analysis was completed using AOAC First Action Method 2016.05 (27). All steps during the extraction were performed under UV-shielded lighting. In brief, after the frozen samples were thawed and thoroughly mixed, 10 mL of each sample was dispensed into an amber 50 mL polypropylene tube (Chemglass Life Sciences; Vineland, NJ, USA), followed by addition of 10 mL ethanolic pyrogallol solution (1%, mass concentration (weight per volume) (w:v), 0.5 mL of internal standard solution containing 1.0 μg/mL d6-vitamin D2 and 2 mL of 50% potassium hydroxide solution (w:v). Samples were saponified for 1 h, and lipid-soluble compounds were extracted using isooctane. Vitamin D2 was derivatized with 75 μL PTAD solution (10 mg/mL). The derivatized sample was mixed with acetonitrile (1 mL), and then centrifuged. The lower layer was collected and mixed with 167 μL DI water. The filtered sample was dispensed into an LC-MS vial (Waters Co., Bedford, MA, USA) for analysis.

Vitamin D2 was quantified using a ultraperformance liquid chromatography (UPLC; Acquity; Waters Co., Bedford, MA, USA) UPLC in line with a TQD triple quadrupole mass spectrometer (UPLC-MS/MS). Separations were achieved using a CORTECS C18 core-shell column (2.1 × 50 mm, 2.6 μm; Waters Co., Bedford, MA, USA). Gradient elution mode was used with aqueous 0.1% volume concentration (volume per volume) (v:v) formic acid as mobile phase A and methanol as mobile phase B. The flow rate was set to 0.6 mL/min, and the elution cycle was 5.5 min. Sample injection volume was 3 μL. The TQD mass spectrometer used an electrospray ionization (ESI) probe operated in positive ionization mode. The mass transition for vitamin D2 quantification was mass-to-charge ratio (m/z) 572.2 → 298.0. For the internal standard, the mass transition for d6-vitamin D2 quantification was m/z 578.2 → 298.0. Quality control measures for analysis included validating each analytical sequence by analyzing a sample of SRM 1869.



2.6 Vitamin B complex analysis using UHPLC-MS/MS

Analysis of target B vitamins (thiamin, riboflavin, total vitamin B3, total vitamin B6) was completed using AOAC Method 2015.14 (28). In brief, 1.0 g of sample plus 100 μL of internal standard mixture (containing 2H4-nicotinamide, 2H4-nicotinic acid, 13C4-pyridoxine stock, 2H3-pyridoxal, 2H3-pyridoxamine, 13C4-thiamine stock, and 13C4,15N2-riboflavin acid) was added to a 50 mL centrifuge tube and quickly mixed using a vortex. An enzyme cocktail (5 mL) consisting of 1 mg/mL acid phosphatase and 1 mg/mL papain in 50 mM ammonium formate buffer (pH 4.0) was added to the centrifuge tube, which was then placed in a shaking water bath overnight at 37°C. After the sample was incubated, 50 mM ammonium formate was added to dilute the sample to approximately 30 mL. The sample was filtered through a 0.45 μm PTFE syringe filter, and further diluted ~17-fold with 50 millimolar (mM) ammonium formate before being transferred to an HPLC vial for analysis.

Target B vitamins were quantified using ultrahigh-performance liquid chromatography (UHPLC; Agilent model 1260 Infinity I; Santa Clara, CA, USA) in line with a 6460 series triple quadrupole mass spectrometer (UHPLC-MS/MS; Agilent Technologies, Santa Clara, CA, USA) with an ESI probe operated in positive ionization mode. Separations were achieved using a Waters Acquity BEH C18 column (2.1 × 100 mm, 1.7 μm; Waters Co., Bedford, MA, USA). Gradient elution mode was used with 20 mM ammonium formate in water as mobile phase A and methanol as mobile phase B. The flow rate was set to 0.35 mL/min. Quantification of the B vitamin compounds was conducted using multiple-reaction monitoring (MRM) mass transitions. Optimization of collision energies, fragmentor voltages, and MRM mass transitions was done using the Mass Hunter Optimizer. MRM mass transitions were used as reported by McClure (28). Quality control measures for analysis included validating each analytical worklist by analyzing a sample of SRM 1869.

Total vitamin B3 is reported as the sum of nicotinamide and nicotinic acid. Total vitamin B6 is the sum of pyridoxal, pyridoxamine, and pyridoxine. Thiamine and riboflavin are reported as the single measured form.



2.7 Mineral analysis using ICP-MS

Samples were analyzed for total magnesium (Mg), phosphorus (P), potassium (K), calcium (Ca), and zinc (Zn) content using microwave-assisted digestion followed by ICP-MS, according to a method adapted from the U.S. Food and Drug Administration's (FDA's) Elemental Analysis Manual 4.7 (29). In brief, 2.0 g of sample was placed in a digestion vessel with 5 mL of nitric acid and subjected to microwave-assisted digestion using a Discover SP-D microwave digestion system (CEM Corporation; Matthew, NC, USA). After digestion, each sample was diluted to 50 g with DI water in trace metal quality plastic tubes (SCP Sciences; Champlain, NY). Samples were further diluted approximately 25-fold with 5% (v:v) aqueous nitric acid, except for samples used for Zn analysis, which were not diluted. An Agilent 8800 ICP-MS (Santa Clara, CA, USA) was set in single quadrupole mode with research grade helium (99.999%) from Airgas (Radnor, PA) as the collision gas. Internal Standard Mix (Agilent Technologies; Santa Clara, CA, USA) was prepared in 5% aqueous nitric acid (v:v). The internal standard was set to scandium (45Sc) for Mg, K, and Ca; germanium (72Ge) for P; and rhodium (103Rh) for Zn. Data for total Mg, P, K, Ca, and Zn are reported as 24Mg, 31P, 39K, 66Zn, and 44Ca, respectively. Quality control measures for analysis included validating each analytical sequence by analyzing SRM 1869, in addition to analyzing a continuing calibration verification standard every 10 samples.



2.8 Data processing and statistics

Vitamin A data were processed using ChemStation version C.01.05 (Agilent Technologies; Santa Clara, CA, USA). Vitamin A results are expressed as retinol activity equivalents (RAE), which is calculated by multiplying the results for retinyl palmitate (the sum of cis and trans isomers) by 0.55 (26). B vitamin data were processed using MassHunter Workstation software version B.08 (Agilent Technologies; Santa Clara, CA, USA). Data processing for vitamin D results was conducted using MassLynx workstation software version 4.1 (Waters Co.; Bedford, MA, USA). Mineral data processing was conducted using MassHunter Workstation software version 4.6 (Agilent Technologies; Santa Clara, CA, USA) with results exported as Excel worksheets (Microsoft Office, Microsoft Co., Redmond, WA).

Two subsamples from each experimental trial underwent extraction for vitamin analyses, and three subsamples for mineral analysis. Statistical analysis was performed using JMP 17 (SAS Institute, Cary, NC, USA). One-way analysis of variance (ANOVA) followed by pairwise mean comparisons using Tukey's honest significant difference (HSD) post-hoc correction determined significant differences (p < 0.05) between treatments. Data for figures are displayed as means ± SD.




3 Results


3.1 Overview of the micronutrient content of the almond-based beverage

Table 1 displays a summary of the fortified and naturally occurring micronutrients in the almond-based beverage. We were able to measure the fortified vitamins (vitamin A, vitamin D2, riboflavin) and minerals (calcium and zinc) in both the unprocessed sample and sample that was homogenized and then processed using the HTST pasteurizer. In addition to the fortified micronutrients, we were also able to measure naturally occurring micronutrients from the base ingredients that included target B vitamins (thiamin, total vitamin B3, and total vitamin B6) and minerals (magnesium, phosphorus, and potassium). Percent recovery of the fortified micronutrients (except for vitamin A) in the unprocessed almond-based beverage ranged from 84% for riboflavin to 96% for calcium and zinc. Initial analysis showed variability in vitamin A levels between the unprocessed sample and sample that underwent homogenization. Thus, we used homogenized-only samples (thermal exposure was < 46.1°C for these samples) as the control for processing experiments for the vitamin A data only.


TABLE 1 Summary of the fortified and naturally-occurring micronutrients in the almond-based beverage produced in a pilot plant.

[image: Table 1]



3.2 Retention of fat-soluble vitamins A and D during processing of an almond-based beverage

Figure 2 depicts the retention of vitamin A palmitate (Figure 2A) and vitamin D2 (Figure 2B) over three processing temperatures (~93°C, 104°C, and 116°C). There was no significant (ANOVA p > 0.05) effect of HTST processing temperature on either vitamin A palmitate or vitamin D2 content. Although not statistically significant, the almond-based beverage processed at the highest temperature treatment (116°C) was 20.3% lower in vitamin A palmitate compared to the homogenized control. We also found no significant (p>0.05) differences in amounts of cis or trans vitamin A palmitate isomers across treatments (data not shown). The almond-based beverage processed at the highest temperature treatment (116°C) was 5.2% lower in vitamin D2 compared to the unprocessed control.
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FIGURE 2
 Retention of the fat-soluble micronutrients after processing of an almond-based beverage. (A) Retention of vitamin A and (B) vitamin D2 after different high temperature-short time (HTST) processing treatments. The almond-based beverage was fortified with vitamin A (as retinyl palmitate) and vitamin D2 (ergocalciferol). ANOVA indicated that there was no significant effect of temperature treatments on vitamin A or vitamin D amounts. Values are shown as means±SD of three trials, except for the homogenized sample for vitamin A (n = 2).




3.3 Retention of target B vitamins (thiamin, riboflavin, vitamin B3, and vitamin B6) during processing of an almond-based beverage

Figure 3 shows the effect of HTST processing the almond-based beverage on the B vitamins thiamin, riboflavin, total vitamin B3, and total vitamin B6. The results indicate that there was a significant effect (p < 0.05) of processing temperature on thiamin content (Figure 3A). Pairwise comparisons showed a clear inverse relationship between increasing temperature and the thiamin content. Processing of the almond-based beverage at the highest temperature (116°C) resulted in 17.9% less thiamin (p < 0.05) compared to the unprocessed almond-based beverage. In contrast, both riboflavin (Figure 3B) and total vitamin B6 (Figure 3D) were not significantly (p>0.05) affected by the processing temperature. The unprocessed control differed by 6% in riboflavin and total vitamin B6 content compared to the highest temperature treatment.
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FIGURE 3
 Retention of target B vitamins after processing of an almond-based beverage. Retention of (A) thiamin, (B) riboflavin, (C) total vitamin B3, and (D) total vitamin B6 after different high temperature-short time (HTST) processing treatments. The almond-based beverage was fortified with riboflavin; other B vitamins (thiamin, total vitamin B3, and total vitamin B6) were naturally occurring in the base ingredients. Total vitamin B3 is the sum of nicotinamide and nicotinic acid. Total vitamin B6 is the sum of pyridoxal, pyridoxamine, and pyridoxine. Thiamin and riboflavin are reported as the single measured form. Temperature treatments not sharing the same letter within a B vitamin are significantly different (p < 0.05) as determined by the Tukey HSD test. Values are shown as means ± SD of three trials.


There was a significant (p < 0.05) increase in amounts of total vitamin B3 after processing (Figure 3C). Pairwise comparisons showed that all processing temperatures had significantly (p < 0.05) higher amounts of total vitamin B3 compared to the unprocessed control. The total vitamin B3 amounts increased in the almond-based beverage from 18.8% to 35.2% after processing, compared to the unprocessed control.



3.4 Retention of target minerals during processing of an almond-based beverage

Processing did not have a significant effect (p > 0.05) on either the amounts of the fortified minerals (calcium and zinc) or the naturally occurring minerals (magnesium, phosphorus, and potassium) (see Figure 4). Although it did not reach statistical significance, there was a trend (p = 0.06) for an effect of processing on potassium amounts, with an 8% decrease at the highest temperature treatment compared to control (Figure 4E).
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FIGURE 4
 Retention of target minerals after processing of an almond-based beverage. Retention of (A) calcium, (B) zinc, (C) magnesium, (D) phosphorus, and (E) potassium after different high temperature-short time (HTST) processing treatments. The almond-based beverage was fortified with calcium carbonate and zinc gluconate; magnesium, phosphorus, and potassium are naturally occurring minerals from the base ingredients. Data for total magnesium, phosphorus, potassium, calcium, and zinc are reported as 24Mg, 31P, 39K, 44Ca, and 66Zn, respectively. ANOVA indicated that there was no significant effect of temperature treatments on the amount of any target mineral. Values are shown as means ± SD of three trials.





4 Discussion

Foods and beverages fortified with key micronutrients are an important part of the modern diet because they can supply critical micronutrients that would not otherwise be obtained in sufficient amounts through the diet (30). Because of the large increase in the consumption of PBMAs, there have been efforts to establish guidelines for fortification of these products with key micronutrients (31, 32). One important aspect of micronutrient fortification that needs to be considered is that certain vitamins can be susceptible to degradation from various factors, such as thermal exposure, pH, oxygen, and UV radiation (16, 33). These factors affect each vitamin differently due to dissimilarities in their chemical structures. In this study, we aimed to investigate the effect of thermal processing on certain micronutrients on a pilot scale in order to mimic the commercial production process of an almond-based beverage.

Manufacturers will usually add an “overage” of a micronutrient to compensate for degradation of a fortified micronutrient during processing and storage (33). For milk undergoing pasteurization or ultra-high temperature (UHT) processing, an overage of 20–30% for vitamins A and D, and 15–50% for B vitamins have been recommended (33). Thiamin is very sensitive to thermal exposure and other factors (34), so an overage of 50% above the label claim has been recommended for UHT milk. A smaller percent overage for minerals (~5%) has been recommended to compensate for effects such as loss from precipitation or reaction with food components (33). This overage helps to ensure compliance with governmental regulations—such as those from the Canadian Food Inspection Agency and the FDA—which require that the content of a composite sample of a product be at least the value declared on the product's nutrition information labeling (35, 36). Although the degradation of key micronutrients in dairy products has been extensively studied, only a limited amount of published data exists on the effect of thermal processing on micronutrients in PBMAs (17, 37).

Our findings overall indicate that, under the HTST conditions studied, levels of measured micronutrients were largely not affected by processing the almond-based beverage. We observed no significant reduction in vitamin A palmitate after HTST processing. Although vitamin A palmitate is not highly susceptible to degradation from thermal processing (15, 38), vitamin A palmitate can undergo cis-trans isomerization from certain heat treatments (39). Isomerization of vitamin A is significant from a nutritional standpoint because the major products of all-trans retinyl palmitate isomerization (13-cis and 9-cis isomers) have reduced biological activity. Our data did not find that such isomerization occurred to any significant extent. Experiments by Schwartz (39) reported canning milk at 117°C for 20 min did not result in isomerization of all-trans retinyl palmitate. Considering that the most severe processing conditions in our experiments were approximately 116°C for 30 s, it is not surprising that we did not observe significant isomerization.

As with vitamin A palmitate, there was no significant reduction of vitamin D2 in the almond-based beverage after thermal processing. Previous research on degradation of vitamin D2 in milk reported that pasteurization at a lower temperature but for a longer time (63°C for 30 min) than our study did not reduce amounts of vitamin D2 (17). Similar to vitamin A, vitamin D2 does not appear to be highly susceptible to degradation from thermal exposure (17).

Because of its known susceptibility to degradation, thiamin has been the topic of various studies to identify conditions that enhance its stability in foods (13, 34, 40). Accordingly, our results showed that thiamin was the only micronutrient that was significantly lower after all processing conditions, decreasing 17.9% at the highest processing temperature (116°C). Kwok et al. (18) found that thermal treatment of a soy-based beverage at 120°C for 30 s resulted in a thiamin loss of 32%, which is comparable to our results in the almond-based beverage.

Both riboflavin and vitamin B6 were not affected by the thermal treatments under the experimental conditions. This aligns with previous work done in milk and soy-based beverages (13, 18, 41). Interestingly, we found that there was up to a 35.2% increase in the amount of vitamin B3 after thermal processing. It is plausible that the increase may be due to the release of bound niacin from the almonds (42, 43). Additionally, the changes may be due to metabolic intermediates with a niacin moiety converting to vitamin B3 during the thermal treatment, which can occur when processing grains (44).

Minerals in certain PBMAs on the market have been reported to form insoluble complexes and precipitate (45). Because oxalates (present in almonds) can form an insoluble complex with minerals (46), we expected that there would be a decrease in target minerals after processing due to the formation of these insoluble complexes. Our results, however, showed that there was no significant effect of processing on the amounts of the fortified minerals (calcium and zinc) or the naturally occurring minerals from the base ingredients (magnesium, phosphorus, and potassium) of our almond-based beverage. This indicates that the conditions used in our study prevent significant precipitation of the minerals during batching of the ingredients and processing.

There are a few limitations of our study that we should note. We aimed to investigate the effects of thermal processing on the target micronutrients, but there are other factors, such as the shelf life of the product, that need to be considered when determining an overage amount for a particular micronutrient that should be added to meet a label declaration or claim. We used HTST processing for our experiments, but UHT processing is often used to process PBMAs to produce a shelf-stable product. Our experimental results may differ from processing that uses UHT treatment because this type of processing generally occurs at temperatures above 135°C, compared to a maximum of 116°C used in our study (47). We performed our study using a nut-based matrix (almond), but there may be different effects on micronutrients when thermally processing a PBMA produced from grains (e.g., oat-based beverages), legumes (e.g., pea protein-based beverages), or other plant material due to differences in the composition of these beverages compared to those made from almond. Finally, we note that we did not assess whether processing affected micronutrient bioavailability. Thermal processing of plant-based foods, including PBMA, is known to potentially enhance the bioavailability of macronutrient and micronutrients by reducing antinutritional factors and should be considered in future work (13).



5 Conclusion

We performed homogenization and HTST processing on an almond-based beverage at a pilot-scale level to determine the potential effects of processing on the amounts of key micronutrients. There was no significant degradation of the fortified micronutrients in the beverage, including vitamin A, vitamin D2, riboflavin, and total vitamin B6. There was some degradation of naturally occurring thiamin, but, interestingly, there was a small increase in total vitamin B3 amounts. There was no change in the amounts of either the fortified minerals (calcium and zinc) or the naturally occurring minerals (magnesium, phosphorus, and potassium). These data suggest that most key micronutrients do not require a high overage to compensate for degradation occurring from HTST processing used to produce an almond-based beverage.

This study provides important information on the effect of HTST treatments on key micronutrients in an almond-based beverage. Because of the current popularity of almond-based beverages, our data are of significant interest to a large segment of the PBMA market. Our described experimental design can be modified for future studies to assess additional PBMA types, such as those made from grains, legumes, or other plant material. These results can help inform best practices for fortification of PBMAs processed using HTST treatments to ensure that consumers obtain a product with micronutrients that meet a label declaration or claim.



Data availability statement

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author.



Author contributions

BR: Conceptualization, Formal analysis, Funding acquisition, Investigation, Methodology, Supervision, Writing – original draft, Writing – review & editing. JZ: Investigation, Methodology, Writing – review & editing. JC: Investigation, Writing – review & editing. JWar: Investigation, Writing – review & editing. CC: Formal analysis, Investigation, Methodology, Writing – review & editing. JWan: Project administration, Supervision, Writing – review & editing. AS: Methodology, Supervision, Writing – review & editing. DB: Conceptualization, Formal analysis, Investigation, Supervision, Writing – review & editing. LJ: Conceptualization, Funding acquisition, Methodology, Project administration, Supervision, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. The research described in this publication was supported by the U.S. Food and Drug Administration (FDA) of the U.S. Department of Health and Human Services (HHS) as part of a financial assistance award (Federal Award Identification Number U19FD005322) totaling $4,148,332 with 100% funded by FDA/HHS.



Acknowledgments

The authors would like to thank Jessica Cusovich and the team at Caldic North America for graciously offering their technical expertise and for providing the nutrient premix for the experiments.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Author disclaimer

The views expressed are those of the authors and do not represent the official views of, or an endorsement by, FDA, HHS, or the U.S. Government.



References

 1. U.S. Food and Drug Administration. Labeling of Plant-Based Milk Alternatives and Voluntary Nutrient Statments: Guidance for Industry - Draft Guidance. (2023). Available at: https://www.fda.gov/media/165420/download (accessed January 26, 2024).

 2. Redan BW, Zuklic J, Hryshko J, Boyer M, Wan J, Sandhu A, et al. Analysis of eight types of plant-based milk alternatives from the United States market for target minerals and trace elements. J Food Comp Analy. (2023) 122:105457. doi: 10.1016/j.jfca.2023.105457

 3. Sevillano-Pires V, Zuklic J, Hryshko J, Hansen P, Boyer M, Wan J, Redan BW. Market basket survey of the micronutrients vitamin A, vitamin D, calcium, and potassium in eight types of commercial plant-based milk alternatives from United States markets. ACS Food Sci Technol. (2023) 3:100–112. doi: 10.1021/acsfoodscitech.2c00317

 4. Walther B, Guggisberg D, Badertscher R, Egger L, Portmann R, Dubois S, Zoller O. Comparison of nutritional composition between plant-based drinks and cow's milk. Front. Nutr. (2022) 2645:988707. doi: 10.3389/fnut.2022.988707

 5. Brusati M, Baroni L, Rizzo G, Giampieri F, Battino M. Plant-based milk alternatives in child nutrition. Foods. (2023) 12:1544. doi: 10.3390/foods12071544

 6. US Department of Agriculture and US Department of Health and Human Services. Dietary Guidelines for Americans 2015-2020 (8th ed.). Washington, DC: Government Printing Office. (2015).

 7. McCarthy K, Parker M, Ameerally A, Drake S, Drake M. Drivers of choice for fluid milk versus plant-based alternatives: What are consumer perceptions of fluid milk? J Dairy Sci. (2017) 100:6125–38. doi: 10.3168/jds.2016-12519

 8. Cormick G, Betrán AP, Metz F, Palacios C, Beltrán-Velazquez F, García-Casal M, et al. Regulatory and policy-related aspects of calcium fortification of foods. Implications for implementing national strategies of calcium fortification. Nutrients. (2020) 12:1022. doi: 10.3390/nu12041022

 9. Drewnowski A, Rehm CD, Maillot M, Mendoza A, Monsivais P. The feasibility of meeting the WHO guidelines for sodium and potassium: a cross-national comparison study. BMJ Open. (2015) 5:e006625. doi: 10.1136/bmjopen-2014-006625

 10. Kimball SM, Holick MF. Official recommendations for vitamin D through the life stages in developed countries. Eur J Clin Nutr. (2020) 74:1514–8. doi: 10.1038/s41430-020-00706-3

 11. Canadian Food Inspection Agency. Dairy Processing: High Temperature Short Time (HTST) Pasteurization Systems. (2023). Available at: https://inspection.canada.ca/preventive-controls/dairy-products/htst/eng/1539614754038/1539614826437 (accessed December 21, 2023).

 12. U.S. Public Health Service/U.S. Food and Drug Administration. Grade “A” Pasteurized Milk Ordinance. Washington, DC: U.S. Department of Health and Human Services (2017).

 13. Kwok K-C, Liang H-H, Niranjan K. Optimizing conditions for thermal processes of soy milk. J Agric Food Chem. (2002) 50:4834–8. doi: 10.1021/jf020182b

 14. MicroThermics. Decoding Plant-Based Product Development and UHT/HTST Processing. (2024). Available at: https://www.newhope.com/toolkits-downloads/decoding-plant-based-product-development-and-uht-htst-processing-white-paper (accessed February 20, 2024).

 15. Yeh EB, Barbano DM, Drake M. Vitamin fortification of fluid milk. J Food Sci. (2017) 82:856–64. doi: 10.1111/1750-3841.13648

 16. Godoy HT, Amaya-Farfan J, Rodriguez-Amaya DB. Degradation of vitamins. In: Chemical Changes During Processing and Storage of Foods. London: Elsevier (2021) p. 329–383.

 17. Kaushik R, Sachdeva B, Arora S. Vitamin D2 stability in milk during processing, packaging and storage. LWT - Food Sci Technol. (2014) 56:421–6. doi: 10.1016/j.lwt.2013.11.029

 18. Kwok KC, Shiu YW, Yeung CH, Niranjan K. Effect of thermal processing on available lysine, thiamine and riboflavin content in soymilk. J Sci Food Agric. (1998) 77:473–8.

 19. Watson E. Plant-Based Milk by Numbers, US Retail: Oat Milk and Pea Milk up Double Digits, Almond Milk and Soy Milk Flat. (2022). Available at: https://www.foodnavigator-usa.com/Article/2022/07/25/Plant-based-milk-by-numbers-US-retail-Oat-milk-and-pea-milk-up-double-digits-almond-milk-and-soy-milk-flat#:~:text=Almond%20milk%2C%20meanwhile%2C%20experienced%20a,oat%20milk%20at%20%24527.44m (accessed October 07, 2022).

 20. Cargill Inc. Lecithins Data Sheet. (2023). Available at: https://www.cargill.com/doc/1432133849452/lecithins-portfolio.pdf (accessed December 15, 2023).

 21. Colony Gums. Gellan Gum Data Sheet. (2023). Available at: https://colonygums.com/uploads/COGU-103_D_DATASHEET_GELLAN_SHORT.pdf (accessed December 15, 2023).

 22. U.S. Department of Agriculture, Agricultural Research Service. FoodData Central. (2019). Available at: fdc.nal.usda.gov (accessed February 15, 2023).

 23. Kwok KC, Niranjan K. Effect of thermal processing on soymilk. Int J Food Sci Technol. (1995) 30:263–95. doi: 10.1111/j.1365-2621.1995.tb01377.x

 24. Deak T and Mohácsi-Farkas C. Thermal treatment. In: Food Safety Management. London: Elsevier (2023) p. 405–419.

 25. Fleischman GJ, Kleinmeier D, Lunzer J, Redan BW. Differences in experimental outcomes from thermal processing: the case of poppy seeds and opium alkaloids. J Agric Food Chem. (2021) 69:7499–500. doi: 10.1021/acs.jafc.1c03474

 26. McMahon A. Determination of vitamin E and vitamin A in infant formula and adult nutritionals by normal-phase high-performance liquid chromatography: collaborative study, final action 2012.10. J AOAC Int. (2016) 99:223–241. doi: 10.5740/jaoacint.15-0094

 27. Gill BD, Indyk HE. Analysis of vitamin D2 and vitamin D3 in infant and adult nutritional formulas by liquid chromatography-tandem mass spectrometry: a multilaboratory testing study. J AOAC Int. (2018) 101:256–63. doi: 10.5740/jaoacint.17-0149

 28. McClure S. Simultaneous determination of total vitamins B1, B2, B3, and B6 in infant formula and related nutritionals by enzymatic digestion and LC-MS/MS—a multi-laboratory testing study final action: AOAC method. J AOAC Int. (2020) 103:1060–72. doi: 10.1093/jaoacint/qsaa012

 29. Gray PJ, Cunningham W. Inductively coupled plasma collision cell quadrupole mass spectrometric determination of extractible arsenic, cadmium, chromium, lead, mercury, and other elements in food using microwave-assisted digestion: Results from an FDA interlaboratory study. J AOAC Int. (2019) 102:590–604. doi: 10.5740/jaoacint.18-0129

 30. Dwyer JT, Woteki C, Bailey R, Britten P, Carriquiry A, Gaine PC, et al. Fortification: new findings and implications. Nutr Rev. (2014) 72:127–41. doi: 10.1111/nure.12086

 31. Drewnowski A, Henry CJ, Dwyer JT. Proposed nutrient standards for plant-based beverages intended as milk alternatives. Front Nutr. (2021) 8:000. doi: 10.3389/fnut.2021.761442

 32. Health Canada. Interim Marketing Authorization to Permit the Optional Addition of Vitamins and Mineral Nutrients to Plant-based Beverages. (2022). Available at: https://www.canada.ca/en/health-canada/services/food-nutrition/legislation-guidelines/policies/interim-policy-on-use-expired-interim-marketing-authorizations-related-food-fortification.html#a61 (accessed October 28, 2022).

 33. DSM Nutritional Products. Fortification Basics. Heerlen: DSM (2017).

 34. Voelker AL, Taylor LS, Mauer LJ. Effect of pH and concentration on the chemical stability and reaction kinetics of thiamine mononitrate and thiamine chloride hydrochloride in solution. BMC Chemistry. (2021) 15:1–14. doi: 10.1186/s13065-021-00773-y

 35. Canadian Food Inspection Agency. Nutrition Labelling Compliance Test. (2023). Available at: https://inspection.canada.ca/food-labels/labelling/industry/nutrition-labelling/additional-information/compliance-test/eng/1409949165321/1409949250097?chap=0 (accessed March 06, 2024).

 36. U.S. Food and Drug Administration. 21 CFR 101.9. Nutrition Labeling of Food. Washington, DC: Federal Register (1993).

 37. McCarthy D, Kakuda Y, Arnott D. Vitamin A stability in ultra-high temperature processed milk. J Dairy Sci. (1986) 69:2045–51. doi: 10.3168/jds.S0022-0302(86)80635-X

 38. Zahar M, Smith D, Warthesen J. Factors related to the light stability of vitamin A in various carriers. J Dairy Sci. (1987) 70:13–9. doi: 10.3168/jds.S0022-0302(87)79975-5

 39. Schwartz SJ. Cis/trans isomerization of retinyl palmitate in foods. J Agric Food Chem. (1987) 35:748–51. doi: 10.1021/jf00077a025

 40. Goulette TR, Zhou J, Dixon WR, Normand MD, Peleg M, McClements DJ, et al. Kinetic parameters of thiamine degradation in NASA spaceflight foods determined by the endpoints method for long-term storage. Food Chem. (2020) 302:125365. doi: 10.1016/j.foodchem.2019.125365

 41. Kilic-Akyilmaz M, Ozer B, Bulat T, Topcu A. Effect of heat treatment on micronutrients, fatty acids and some bioactive components of milk. Int Dairy J. (2022) 126:105231. doi: 10.1016/j.idairyj.2021.105231

 42. Ndolo V, Fulcher R, Beta T. Application of LC–MS–MS to identify niacin in aleurone layers of yellow corn, barley and wheat kernels. J Cereal Sci. (2015) 65:88–95. doi: 10.1016/j.jcs.2015.07.001

 43. Windahl KL, Trenerry VC, Ward CM. The determination of niacin in selected foods by capillary electrophoresis and high performance liquid chromatography: acid extraction. Food Chem. (1999) 65:263–70. doi: 10.1016/S0308-8146(98)00225-8

 44. Wall J, Carpenter K. Variation in Availability of Niacin in Grain Products. Chicago, IL: Institute of Food Technologists (1988).

 45. Smith NW, Dave AC, Hill JP, McNabb WC. Nutritional assessment of plant-based beverages in comparison to bovine milk. Front Nutr. (2022) 9:957486. doi: 10.3389/fnut.2022.957486

 46. Ritter M, Savage G. Soluble and insoluble oxalate content of nuts. J Food Composit Analy. (2007) 20:169–74. doi: 10.1016/j.jfca.2006.12.001

 47. Singh J, Dean A, Prakash S, Bhandari B, Bansal N. Ultra high temperature stability of milk protein concentrate: Effect of mineral salts addition. J Food Eng. (2021) 300:110503. doi: 10.1016/j.jfoodeng.2021.110503

Copyright
 © 2024 Redan, Zuklic, Cai, Warren, Carter, Wan, Sandhu, Black and Jackson. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fnut-11-1468828-t001.jpg
Micronutrient Fortified or Amount of Measured amount Average
naturally micronutrient (mean=SD) in 100 g Recovery (%)
occurring added/100g beverage unprocessed beverageb

Vitamin A Fortified 47.5 ng RAE* 44.7 £ 6.1 png RAE 94

Thiamin (vitamin B1) Naturally occurring - 20+02pg -

Riboflavin (vitamin B2) Fortified 1725 pg 1450 £23 pg 84

Total vitamin B3¢ Naturally occurring - 34£0.1pg -

Total vitamin B6¢ Naturally occurring - 445107 pg -

Vitamin D2 Fortified 1.0 pg 0.89 % 0.03 pg 90

Magnesium Naturally occurring - 7.74£0.3mg -

Phosphorus Naturally occurring - 1514 1.8mg -

Potassium Naturally occurring - 153+ 0.5mg -

Calcium Fortified 1313mg 125.8 4 14.0mg 96

Zinc Fortified 4200 pg 4031539 pg 96

“RAE, retinol activity equivalents.
bUnprocessed sample is almond-based beverage that was mixed but did not undergo high temperature-short time (HTST) processing and homogenizaton.
Total vitamin B3 s the sum of nicotinamide and nicotinic acid. Total vitamin B6 is the sum of pyridoxal, pyridoxamine, and pyridoxine.
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