
Citation: Sommer, S.; Anderson, A.F.;

Cohen, S.D. Analytical Methods to

Assess Polyphenols, Tannin

Concentration, and Astringency in

Hard Apple Cider. Appl. Sci. 2022, 12,

9409. https://doi.org/10.3390/

app12199409

Academic Editors: Ioannis G. Roussis

and Roxana Elena Ionete

Received: 11 August 2022

Accepted: 17 September 2022

Published: 20 September 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

applied  
sciences

Article

Analytical Methods to Assess Polyphenols, Tannin
Concentration, and Astringency in Hard Apple Cider
Stephan Sommer 1,* , Andrea Faeth Anderson 2 and Seth D. Cohen 3

1 Grape and Wine Institute, University of Missouri, 223 Eckles Hall, Columbia, MO 65211, USA
2 Viticulture and Enology Research Center, California State University, 2360 E. Barstow Ave.,

Fresno, CA 93740, USA
3 Archibald James Wines & Ciderworks, 4597 Stemilt Hill Rd., Wenatchee, WA 98801, USA
* Correspondence: ssommer@missouri.edu

Featured Application: This paper describes methods that can be used to accurately analyze the
polyphenolic composition in hard apple cider. It also explains why astringency in cider cannot
be analyzed with the laboratory-based methods that are currently available for wine.

Abstract: The production of hard apple cider frequently involves considerations based on the balance
between fermentable sugars and titratable acidity and/or pH. However, these are not the only
attributes that influence the sensory properties of cider. Various groups of polyphenols and tannins
influence bitterness, astringency, and mouthfeel, as well as color of the product. In this study,
19 single variety hard apple ciders were evaluated using analytical methods originally developed
for wines. The aim was to determine how the cider matrix affects the functionality of each method.
The results indicate that most assays work with sufficient accuracy with the exception of protein
precipitation methods. Due to interferences of polysaccharides with the protein reaction, those
assays are poorly reproducible and do not reflect the actual polyphenol or tannin concentration. The
analytical determination of astringency is also influenced by this interference, since it traditionally
uses the concept of protein precipitation as well. Liquid chromatography as a selective method can
be readily applied to cider. Other colorimetric methods or non-protein precipitation methods, such as
the Folin-Ciocalteu assay, the Methylcellulose Precipitation assay, and the Iron-Reactive Phenolics
assay, can be used to classify apple ciders and make decisions based on the desired bitterness and
astringency profile.

Keywords: cider; tannins; astringency; polysaccharides; phenolic profiling

1. Introduction

Tannins are an essential group of components in many foods and beverages and are
reported to influence visual appearance [1] and texture [2], as well as the flavor profile [3–5].
These relationships have been thoroughly described in beverages such as wine [3] and
beer [6] but other fermented products such as hard cider are lacking that level of under-
standing. While tannins can have unwanted effects in a mostly colorless product, such
as cider, ranging from haziness [7] to undesired browning [8], the positive contributions
to texture, mouthfeel, and perceived volume of the beverage [3] are worth mentioning.
In the United States, hard ciders are fermented wine-like apple beverages with ethanol
concentrations commonly exceeding 7% by volume. Since most commercial hard apple
ciders are blends of different cultivars, tannins can be considered important blending
quality indicators in addition to sugar, acidity, and pH.

The overall concentration of tannin material in cider depends on apple cultivar [9],
culturing techniques [10], and processing conditions [11], as well as fermentation and aging
treatments [12]. Interestingly, all apple tissue, skin, pulp, and seeds, contain condensed
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tannins with the highest concentration in the skin. Tannin material in apple cider differs
from tannins found in grape wine, mainly due to differences in the average degree of
polymerization (aDP) and constituent composition [13]. Le Quéré et al. (2006) found
that tannins in cider are generally less polymerized with an aDP between 1.61 and 3.69,
compared to wine with an aDP up to 13. Cider tannins are also fairly uniform, containing
mostly epicatechin and some catechin in terminal positions [9]. These specific characteristics
may impact perceived bitterness and astringency, since it was demonstrated that a lower
aDP favors bitterness over astringency [5].

Some phenolic components in apples, for example hydroxycinnamic acids, can have
a similar sensory effect [14] but are easier to describe analytically than tannins. Small
polyphenols have been analyzed in apples and can be used to characterize and predict
bitterness [15]. Tannins or procyanidins on the other hand include a wide range of molecule
sizes, which makes them difficult to characterize and quantify accurately. Analyzing
the amount of final tannins in cider presents the additional challenge that most of the
photometric assays were developed for wine and validated for that specific matrix [3,16–19].
Apple cider usually demonstrates higher concentrations of polysaccharides [20] that have
been shown to react with tannin material, making reactions less predictable [21] and
potentially the assay less accurate [22].

A variety of tannin assays were specifically developed for red wines and include
the observation of polymeric pigments in the visible light range, and others focus on
absorbance in the ultraviolet (UV) spectrum. All of those assays, however, use a fairly broad
approach to analyze this diverse group of molecules by either precipitation (Methylcellulose
Precipitation Assay [23], Astringency Index [24], or Harbertson Adams Assay [16]) or non-
specific color reactions (Folin Ciocalteu method [25,26] or Iron Reactive Phenolics [18]).
Reaction conditions, standards, and assay time can vary significantly and yield different
information that might be more or less adaptable to other beverages such as apple cider.

The goal of this study was to demonstrate the use of spectrophotometric assays for
polyphenols and tannins in a wide variety of hard apple ciders and suggest interpretation
and modification approaches for that matrix compared to wine made from grapes.

2. Materials and Methods
2.1. Cider Production

A broad selection of apple varieties was sourced from the NC State Cooperative
Extension Center in Avery County, North Carolina and directly processed into juice in the
orchard. Table 1 shows the apple cultivars including the most important analytical juice
data. It is worth noting that despite their classification, the vast majority of apples in this
study are heirloom varieties that are not commonly grown as eating apples.

The raw juice was then clarified over night at 4 ◦C, racked off the sediment, and
inoculated with yeast (Saccharomyces cerevisiae W15, Scott Laboratories, Petaluma, CA, USA)
following the manufacturer’s instructions. All cider fermentations received two separate
doses of 50 ppm diammonium phosphate (Scott Laboratories, Petaluma, CA, USA) as a
nutrient supplement on days two and four of fermentation. After a fermentation time
of five to eight days, the ciders were stored at 4 ◦C until they reached visual clarity and
were then racked twice. Stabilization was achieved by the addition of 100 ppm of sulfur
dioxide (Scott Laboratories, Petaluma, CA, USA). All ciders were canned and stored in the
aluminum cans at 4 ◦C until further analysis. Storage conditions in cans exclude oxygen,
humidity, light, and other external influences that could accelerate the aging of the product.
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Table 1. Apple cultivars included in this study, in alphabetic order with all relevant juice and cider
data (JCA: Juice/cider apple; DA: Dessert apple; CrA: Crab apple).

Cultivar Name Sugar Juice [◦Bx] Titratable Acidity [g/L] pH Juice pH Cider Alcohol Cider [%vol]

Black Limbertwig (JCA) 12.7 ± 0.6 6.0 ± 0.3 3.40 ± 0.17 3.44 ± 0.10 6.99 ± 0.07
Black Winesap (DA) 15.5 ± 0.8 5.6 ± 0.3 3.50 ± 0.18 3.56 ± 0.11 8.53 ± 0.09
Chestnut Crab (CrA) 16.0 ± 0.8 6.2 ± 0.3 3.71 ± 0.19 3.75 ± 0.11 8.80 ± 0.09

Fugi (DA) 14.1 ± 0.7 3.6 ± 0.2 3.76 ± 0.19 3.81 ± 0.11 7.76 ± 0.08
Geneva Crab (CrA) 8.4 ± 0.4 6.5 ± 0.3 3.20 ± 0.16 3.22 ± 0.09 4.62 ± 0.05

Golden Delicious (DA) 12.3 ± 0.6 1.9 ± 0.1 3.93 ± 0.19 3.40 ± 0.10 6.77 ± 0.07
Golden Russet (JCA) 16.4 ± 0.8 5.2 ± 0.3 3.58 ± 0.18 3.60 ± 0.11 9.02 ± 0.09

Gragg (JCA) 11.2 ± 0.6 4.3 ± 0.2 3.62 ± 0.18 3.44 ± 0.10 6.16 ± 0.06
Hewes Crab (CrA) 16.8 ± 0.8 7.4 ± 0.4 3.36 ± 0.17 3.42 ± 0.10 9.24 ± 0.09

Horse (JCA) 13.1 ± 0.6 6.2 ± 0.3 3.36 ± 0.17 3.34 ± 0.10 7.21 ± 0.07
Meg Bonum (JCA) 12.6 ± 0.6 3.0 ± 0.2 3.86 ± 0.19 3.65 ± 0.11 6.93 ± 0.07

Newtown Pippin (DA) 14.6 ± 0.7 6.6 ± 0.3 3.39 ± 0.17 3.42 ± 0.10 8.03 ± 0.08
Notely P. (JCA) 10.9 ± 0.5 7.8 ± 0.4 3.16 ± 0.16 3.13 ± 0.09 6.00 ± 0.06

Red Delicious (DA) 12.1 ± 0.6 2.6 ± 0.1 3.62 ± 0.18 3.56 ± 0.11 6.66 ± 0.07
Roxburry Russet (DA) 12.2 ± 0.6 2.7 ± 0.1 3.73 ± 0.19 3.40 ± 0.10 6.71 ± 0.07

Royal Limbertwig (JCA) 11.1 ± 0.6 5.4 ± 0.3 3.41 ± 0.17 3.42 ± 0.10 6.11 ± 0.06
Spitzenberg (DA) 16.4 ± 0.8 7.2 ± 0.4 3.38 ± 0.17 3.49 ± 0.11 9.02 ± 0.09

Summer Banana (DA) 14.3 ± 0.7 4.0 ± 0.2 3.66 ± 0.18 3.52 ± 0.11 7.87 ± 0.08
Summer Rambo (JCA) 12.1 ± 0.6 8.0 ± 0.4 3.19 ± 0.15 3.25 ± 0.09 6.66 ± 0.07

2.2. Polyphenol, Astringency, and Tannin Analyses

Color characteristics of the ciders were evaluated by UV-Vis spectrophotometry
(Lambda 25 UV-Vis spectrophotometer, PerkinElmer Inc., Waltham, MA, USA) at 420 nm
representing yellow and 520 nm representing red. The sum of these two absorbances is
used as total color and is interpreted as the slight yellow to orange color range observed in
apple ciders.

Total polyphenols were photometrically analyzed using the Folin-Ciocalteu method
as described by Singleton and Rossi [25], with modifications from Möbius and Görtges [26].
Total tannins were characterized using the methylcellulose (MC) precipitation assay ac-
cording to Sarneckis, Dambergs, Jones, Mercurio, Herderich and Smith [23] with minor
modifications. The calibration curve was made with (+)-Catechin hydrate (Sigma-Aldrich,
St. Louis, MO, USA) in a range between 10 and 500 mg/L. In order to test a different
precipitation agent in the cider matrix, MC was substituted by bovine serum albumin
(VWR, Radnor, PA, USA) at a concentration of 1 g/L in ethanolic tartrate buffer (2.5 g/L
potassium bitartrate in 12% ethanol, pH 3.6). Total iron-reactive phenolics were analyzed
as described by Harbertson, Mireles and Yu [18].

Cider astringency was analyzed according to Monteleone, Condelli, Dinnella and
Bertuccioli [24] with modifications suggested by Durner [27] and further modifications as
follows. Cider samples were not diluted prior to analysis due to the low tannin concen-
tration compared to wine. Bovine Serum Albumin (VWR, Radnor, PA, USA) was used
as a protein source and turbidity was analyzed by spectrophotometry at 860 nm. An
astringency index was calculated by setting the ratio between treatment with protein and
control. In order to be able to compare the astringency results to samples with no known
interferences, a total of ten red wines made from Barbera, Syrah, Cabernet Sauvignon,
and Touriga Nacional were randomly selected from Fresno State Winery. The wines were
analyzed using the MCP total tannin assay and the astringency assay described above.

Monomeric phenolics were analyzed using an Infinity II 1260 LC-DAD instrument
(Agilent Technologies Inc., Folsom, CA, USA) with a method modified from a protocol
previously described by Sommer and Cohen [28] for anthocyanins. The analytical column
was changed to a Poroshell 120 EC-C18 with the dimensions 4.6 × 100 mm and a particle
size of 2.7 µm (Agilent Technologies Inc., Folsom, CA, USA). The gradient was adjusted
to the new column length and was set as follows. Conditions started at a 100% mobile
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phase A (10 mM KH2PO4/H3PO4 buffer at pH 1.5 in 5% acetonitrile in water; mobile
phase B: 10 mM KH2PO4/H3PO4 buffer at pH 1.5 in 50% acetonitrile in water), decreased
to 85% by 7 min, from 85% to 70% after 15 min, from 70% to 60% by 20 min, from 60%
to 40% by 24 min, and to 10% after 27 min. After 30 min, it was then set back to initial
conditions (100% mobile phase A) for three minutes to reach equilibrium (total analysis
time 33 min). For the detection of various phenolic compounds in cider, the detection
wavelengths were set to 280 nm and 320 nm. Selected compounds were quantified with an
external calibration using pure standards (all purchased from VWR, Radnor, PA, USA). The
limits of quantification were determined by setting the threshold to a signal to noise ratio of
10:1. Unknown peaks were identified based on the retention time of known standards and
spectral information from the literature. Following the recommendation of Alonso-Salces,
Herrero, Barranco, Berrueta, Gallo and Vicente [15], unknown compounds were appointed
to known molecules if they demonstrated spectral similarities; for example, a compound
was labelled as p-coumaric acid derivative if the spectrum matched that of p-coumaric
acid but the retention time did not. However, a number of peaks could not be identified
with reasonable certainty, so all quantifiable peaks with an absorbance at 280 nm were
summarized as total flavanols and expressed as catechin equivalents. All quantifiable
peaks at 320 nm were summarized as total hydroxycinnamates and calculated as caffeic
acid equivalents.

All analytical methods described above were performed in duplicates.

2.3. Statistical Analyses

Data handling and statistical analysis (Spearman correlation analysis) were conducted
using SigmaPlot 14.0 (Systat Software Inc., San Jose, CA, USA).

3. Results and Discussion

Total polyphenols of all hard apple cider samples were analyzed via the Folin-Ciocalteu
method right before canning and after 18 months of storage. During aging, smaller polyphe-
nols are expected to polymerize in order to form what is commonly summarized as tannins.
The perceived bitterness is changing to a more astringent impression, improving the struc-
ture and mouthfeel and ultimately making the cider more desirable [29]. There is in fact
an analytical reduction of polyphenols of around 8% on average in the first 18 months
(Figure 1). The total reduction depends on the starting level of gallic acid equivalents
(Spearman Correlation Coefficient −0.51, p-value 0.027) and can range from no significant
change to a total of almost 17%. Only one of the 19 samples demonstrated a slight analyt-
ical increase in total polyphenols with the Folin-Ciocalteu method. The reasons for this
reduction are unclear but can be hypothesized to be due to polymerization and oxidation
reactions that increase the molecule size as well as reduce the number of hydroxyl groups.
This would lead to a lower number of reactive sites for the assay after 18 months of aging,
leading to a lower color reaction in the assay. Similar observations were previously reported
for beer [30] and red wine [31].

The Folin-Ciocalteu assay is generally considered an accurate representation of small
and more bitter polyphenols and should always be correlated with a total tannin analysis
to reflect the balance between bitterness and astringency. Most of these relationships
were studied in grape wine at a molecular level and are fairly well understood. For
cider, however, the phenolic composition is less complex and the suitability of current
analytical methods to accurately predict bitterness and astringency is mostly unknown.
Older studies suggest that flavan-3-ol oligomers up to four units in length contribute to
bitterness, while larger molecules cause astringency [24,32,33]. Up to this point, there
is very limited information on the validity of analytical methods in a cider matrix and
how polysaccharides, such as pectin, that are naturally elevated in apples, can influence
the results.
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Figure 1. Comparison between total phenolics (Folin-Ciocalteu assay) in fresh apple cider and after
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Figure 2 shows the characterization of phenolic material in all apple ciders performed
with different methods. There is a strong positive correlation between total polyphenols
and total tannins (Spearman Correlation Coefficient 0.89, p-value < 0.001) when the tannins
are analyzed using the MCP assay (Figure 2a). Both assays analyze phenolic material as
a sum parameter and can be used as an estimate. While the Folin-Ciocalteu assay reacts
with all molecules that have reducing hydroxyl groups [25] and can therefore be inaccurate
in juice, sweet products, and in the presence of ascorbic acid, the MCP assay includes
all molecules that react with methylcellulose and absorb at 280 nm. Consequently, the
weakness of this assay is also the rather unspecific nature of the reaction. The strength
of both assays, however, lies in the robustness of the method. Except for the unspecific
reaction mechanism, there are no known interferences with matrix components in wine or
cider [23,32].
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Both total polyphenols and total tannins correlate significantly with the iron-reactive
polyphenols shown in Figure 2b (Correlation coefficient 0.89, p-value < 0.001 for both
correlations), indicating that the phenolic substances in apple cider are similar enough to
those in grape wine, for which the original assays were developed to produce consistent
results. This could be expected, since monomeric flavan-3-ols and hydroxycinnamic acids
as well as polymeric polyphenols consisting of catechin and epicatechin can be found in
both cider and grape wine [11,34,35].

Iron-reactive phenolics also show a strong positive correlation with cider color (Spear-
man Correlation Coefficient 0.76, p-value < 0.001), indicating that the brown and red color
in apple cider is based on phenolic compounds. This is in agreement with previous studies
conducted by Le Deun, et al. [33] and Mazza and Velioglu [36]. The red color portion, as
part of the total color, however, varies between cultivars. For the most part, only red flesh
apples show significant concentrations of anthocyanins, which are also structurally differ-
ent from anthocyanins in red grape wine [36]. Orange hues found in some apple ciders
are caused by oxidized and polymerized polyphenols that are colorless in their reduced
state [33]. The orange color, however, can only be quantified by adding the absorbance at
420 nm and 520 nm, even though the red portion might not originate from anthocyanins.

One of the main objectives for analyzing tannins in beverages is the estimation of
perceived astringency for the consumer. While astringency in the mouth is caused by the
precipitation of lubricating salivary proteins by phenolic compounds [2], different tannin
assays use different methods of precipitation. In order to mimic that tannin precipitable pro-
tein fraction, bovine serum albumin (BSA) is used as a model protein in some assays [16,27].
The methylcellulose precipitation (MCP) assay, on the other hand, is performed under
conditions that essentially salt-out all tannin material independent of the chemical compo-
sition. For red wines, this was demonstrated to correlate with perceived astringency [34,35].
Figure 3 shows a comparison of the relationship between MCP and astringency data for
red wines and ciders. While not perfect, the correlation between total tannins and the
astringency index in red wines is good (n = 10, R2 = 0.572). In ciders, the correlation
does not exist (n = 19, R2 = 0.003), even though some of the ciders are analytically clearly
dominated by tannins.
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The reasons for that inconsistency can be speculated to relate to higher polysaccharide
concentrations in the hard cider compared to wine. Polysaccharides can interfere with the
reaction between proteins and polyphenols [21,22] and while reacting with methylcellulose,
the interaction with BSA is limited. Consequently, it remains unclear if astringency can
be accurately evaluated in apple cider analytically without the involvement of a trained
sensory panel. The role of pectin in the sensory perception of astringency has been known
for some time and is used commonly during sensory panels. Pectin-enriched water can be
served in between red wine samples to cleanse the palate and prepare for the next sam-
ple [37,38]. This strategy alludes to a known interaction between tannins and pectin, as well
as between pectin and proteins in the saliva. It is also possible that the use of a different pro-
tein could solve the analytical problem, for example the application of saliva protein instead
of BSA [35,39]. Any cross-reaction between the protein and polysaccharides needs to be
evaluated for the astringency index to be meaningful in high-polysaccharide environments.

Figure 4 supports that hypothesis, with the direct comparison of tannin data produced
by using methylcellulose and BSA as precipitation agents. Even though Crab apples still
show the highest concentration of tannins with both methods, the numbers produced
using the MCP assay are significantly higher in most samples. This again illustrates the
challenge of using a selective protein such as BSA in a matrix that is rich in polysaccharides.
Similar to the astringency index, tannin concentrations analyzed with BSA are consistent
on a fairly low level not exceeding 200 mg/L, calculated as catechin equivalents. Using
methylcellulose, the calculated catechin equivalent exceeds 1400 mg/L in the same sample.
A correlation analysis revealed that there is no correction factor that would allow to account
for the matrix effect and calculate the analytical response with a different precipitation
agent. It can be hypothesized that the MCP assay produces more reliable results in apple
cider due to the known interaction of BSA with other macromolecules.
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Surprisingly, given the large differences in total polyphenols and total tannins, the 
chromatograms of all apple ciders are fairly uniform. A similar number of peaks with 
comparable peak area ratios were recorded independent of the classification as juice, des-
sert, or crab apple. However, the quantities of flavanols and hydroxycinnamic acids vary 
significantly among all samples. Table 2 shows the quantitative data for all ciders orga-
nized by compounds that were quantified with a pure standard and the total peak areas 
at 280 nm and 320 nm. In comparison among the classifications as juice, dessert, or crab 
apple, the main assumptions regarding phenolic composition could be confirmed. While 
dessert apples contain the lowest levels and crab apples the highest concentrations, juice 
or cider apples show a wider range. For example, Black Limbertwig as a cider apple is 
analytically similar to the dessert apple group, while Horse, also a cider apple, is indistin-
guishable from the crab apples with more than 2 g/L total flavanols. 

Figure 4. Comparison between methylcellulose (MCP Assay) and bovine serum albumin (BSA)
in the same spectrophotometric tannin precipitation assay. Error bars represent analytical
standard deviation.

In order to characterize differences regarding monomeric polyphenols and pheno-
lic acids, liquid chromatography responses were recorded at 280 nm representing total
polyphenols and 320 nm, which shows hydroxycinnamic acids and structurally similar
molecules. Figure 5 shows sample chromatograms for both wavelengths and Table 2 in-
cludes the quantification data for all peaks that could be reliably identified with standards.
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Table 2. Quantitative data of monomeric phenolic compounds analyzed with LC-DAD at 280 nm
and 320 nm.

Cultivar Catechin Chlorogenic
Acid

Caffeic
Acid Epicatechin Ferulic

Acid
Coumaric

Acid
Total

Flavanols (*)
Total Hydroxy

Cinnamates (**)

[mg/L]

Black Limbertwig 28.5 ± 0.6 4.5 ± 0.1 5.2 ± 0.1 48.9 ± 1.4 0.6 ± 0.1 9.3 ± 0.2 641 ± 26 64 ± 2
Black Winesap 24.1 ± 1.0 4.1 ± 0.1 2.7 ± 0.1 75.7 ± 0.4 1.0 ± 0.1 7.1 ± 0.1 1003 ± 2 106 ± 1
Chestnut Crab 47.2 ± 0.2 2.6 ± 0.1 3.2 ± 0.1 37.5 ± 0.5 0.9 ± 0.1 4.2 ± 0.1 1488 ± 2 146 ± 1

Fuji 56.5 ± 0.3 2.2 ± 0.1 7.8 ± 0.1 <24.2 1.0 ± 0.1 4.9 ± 0.1 675 ± 3 67 ± 1
Geneva Crab 39.9 ± 0.2 6.8 ± 0.1 2.6 ± 0.1 247.6 ± 1.3 0.6 ± 0.1 2.0 ± 0.1 3029 ± 2 228 ± 1

Golden Delicious 28.8 ± 0.1 2.7 ± 0.1 13.3 ± 0.1 41.6 ± 0.3 0.5 ± 0.3 6.7 ± 0.1 672 ± 3 61 ± 1
Golden Russet 43.4 ± 0.6 3.1 ± 0.1 18.0 ± 0.3 64.8 ± 1.0 1.3 ± 0.1 6.0 ± 0.1 1179 ± 17 131 ± 2

Gragg 43.4 ± 0.7 5.7 ± 0.1 13.4 ± 0.2 <24.2 0.6 ± 0.1 11.5 ± 0.2 1166 ± 22 114 ± 2
Hewes Crab 48.9 ± 2.4 6.3 ± 0.5 45.9 ± 2.1 344.3 ± 17.3 1.8 ± 0.1 22.5 ± 1.0 2206 ± 105 237 ± 12

Horse 59.4 ± 4.6 4.7 ± 0.3 3.7 ± 0.3 126.4 ± 11.5 0.5 ± 0.1 4.4 ± 0.4 2285 ± 204 207 ± 15
Meg Bonum 29.6 ± 0.1 1.0 ± 0.1 9.5 ± 0.1 <24.2 0.6 ± 0.1 3.2 ± 0.1 521 ± 1 54 ± 1

Newton Pippin 37.8 ± 0.3 25.3 ± 0.8 <0.7 <24.2 0.5 ± 0.1 10.3 ± 0.1 535 ± 9 48 ± 1
Notley P. 50.1 ± 0.6 3.7 ± 0.1 <0.7 <24.2 1.0 ± 0.1 7.8 ± 0.1 584 ± 11 56 ± 1

Red Delicious 28.8 ± 0.1 3.4 ± 0.1 5.1 ± 0.1 <24.2 0.7 ± 0.1 6.9 ± 0.1 285 ± 4 34 ± 1
Roxburry Russet 33.1 ± 0.1 6.6 ± 0.1 6.8 ± 0.1 44.7 ± 1.4 < 0.5 3.6 ± 0.1 958 ± 14 108 ± 1

Royal Limbertwig 39.0 ± 0.6 2.8 ± 0.1 12.2 ± 0.2 53.0 ± 0.8 0.6 ± 0.1 9.6 ± 0.1 857 ± 14 78 ± 1
Spitzenberg 44.1 ± 0.6 1.7 ± 0.1 7.5 ± 0.1 78.3 ± 1.5 1.3 ± 0.1 5.1 ± 0.1 954 ± 15 86 ± 1

Summer Rambo 53.8 ± 1.3 3.6 ± 0.1 1.2 ± 0.1 <24.2 0.6 ± 0.1 3.2 ± 0.1 1005 ± 30 84 ± 2
Summer Banana 44.9 ± 0.4 3.5 ± 0.1 7.5 ± 0.1 38.8 ± 1.3 0.6 ± 0.1 3.2 ± 0.1 917 ± 8 85± 1

* expressed as catechin equivalents; ** expressed as caffeic acid equivalents.

Surprisingly, given the large differences in total polyphenols and total tannins, the
chromatograms of all apple ciders are fairly uniform. A similar number of peaks with
comparable peak area ratios were recorded independent of the classification as juice,
dessert, or crab apple. However, the quantities of flavanols and hydroxycinnamic acids
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vary significantly among all samples. Table 2 shows the quantitative data for all ciders
organized by compounds that were quantified with a pure standard and the total peak
areas at 280 nm and 320 nm. In comparison among the classifications as juice, dessert, or
crab apple, the main assumptions regarding phenolic composition could be confirmed.
While dessert apples contain the lowest levels and crab apples the highest concentrations,
juice or cider apples show a wider range. For example, Black Limbertwig as a cider
apple is analytically similar to the dessert apple group, while Horse, also a cider apple, is
indistinguishable from the crab apples with more than 2 g/L total flavanols.

Some of the variability within the dataset could also be related to processing steps
during cider production. Previous studies reported mostly data that were analyzed in fresh
apples prior to any processing [9,34,38]. Compounds such as catechin, epicatechin, or caffeic
acid are very sensitive to oxidation and fairly reactive with other juice components [8].
This could lead to a loss of these compounds during juicing, fermentation, and bottling.
The concentrations shown in Table 2 should therefore not be used to categorize the apple
but rather to classify the cider. However, the correlations between the photometric data
described above and the concentrations determined by HPLC-DAD are highly significantly
positive. The Spearman Correlation Coefficient for the comparison between FolinC and
total flavanols is 0.83 with a p-value of <0.001. Similarly, when comparing FolinC to
total hydroxycinnamic acids, the Spearman Correlation Coefficient is 0.91 with a p-value
of <0.001. This supports the working hypothesis that apple ciders can be classified and
categorized with sufficient accuracy using grape wine-related methods. We therefore
suggest including total polyphenols (FolinC) and total tannins (using the MCP assay) in the
classification attributes for cider apples. Figure 6 summarizes the most relevant analytical
data for cider production and groups the samples by category.

Juice and cider apples are expected to have very little color and a more balanced sugar
to acidity ratio, while dessert apples for direct consumption are usually characteristically
sweeter, mildly acidic, with very low astringency, and hold up well during storage. These
simple classifications based on sugar and total acidity have been used in the industry for
a long time; however, in dry hard apple cider where residual sugar does not mask any
bitterness or astringency, polyphenols and tannins play an important role in the overall
perception of the product.

The apple varieties included in this study demonstrate the characteristics that could
be expected from cider apples and dessert apples. While the sugar levels are slightly higher
on average in dessert apples, the average acidity is higher in cider apples. This can be
explained by the technical necessity to keep the pH of the cider low during and after
fermentation for microbial and chemical stability. As already mentioned earlier, the level
of polyphenols correlates well with the color of the cider but the concentration of tannins
is considerably lower in dessert apples compared to juice varieties. The exception to all
these patterns is crab apples. Even though the sample size in this study is relatively small,
crab apples display a wide range in most attributes and generally higher concentrations of
all solutes. This illustrates their great potential as a blending partner for cider production
to build structure and mouthfeel in the beverage. Using different apple cultivars instead
of oenological tannins or additives might provide the same effect with the potential for
improvements in production and cost efficiency.

The analytical tools to evaluate the composition of hard ciders and to make these
production decisions are reasonably accurate except for the analysis of astringency. Some
changes to the assay are required to better capture astringency without the disrupting
effect of polysaccharides. The main assays that can be recommended for apple cider are
the Folin Ciocalteu method and Iron Reactive Phenolics to analyze polyphenols and the
Methylcellulose Precipitation assay to analyze tannins.
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4. Conclusions

The analysis of phenolic compounds in hard apple cider using methods that were
established for grape wine is feasible. Robust methods such as the Folin-Ciocalteu assay,
Iron-Reactive phenolics, or the MCP assay demonstrate good correlations and reproducible
results. Protein precipitation methods, on the other hand, should not be used for apple
cider due to possible matrix interactions. Further research is required to clarify the effect of
pectolytic enzymes and other pre-treatment options on the accuracy of protein precipitation
methods and their potential use in cider.
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preparation, S.S.; writing—review and editing, S.S. and S.D.C.; visualization, S.S. All authors have
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