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Abstract: The Folin-Ciocalteu assay is a widely used method for measuring the total phenolic content
(TPC) in honey, but it can be affected by the presence of reducing sugars in honey, which can lead
to interference and an over-estimation of its TPC. To optimize the Folin-Ciocalteu assay for honey
analysis, the effect of pH on the assay was investigated. A number of pH scenarios were tested
using different concentrations of Na2CO3 (0.00%, 0.75%, 0.94%, and 7.50%) in order to minimize
reducing sugar interference and maximize the reaction of phenolics in the assay. The modified TPC
method was then validated in accordance with current International Council on Harmonisation
(ICH) guidelines. The findings of this study demonstrate that the traditional Folin-Ciocalteu assay
(using 7.50% aqueous Na2CO3 solution, pH 10.8) leads to a significant overestimation of the TPC
of honey due to the interference of reducing sugars. However, a pH of 7.9, achieved by using a
0.75% aqueous Na2CO3 solution, provides suitable conditions to account for most of the phenolic
compounds without interference from reducing sugars. This finding was further confirmed by testing
various sugar solutions and artificial honey which yielded TPC values below the established limit
of detection and quantification of the assay. However, a slight increase in pH, even by a moderate
deviation (pH 8.9), leads to significant discrepancies in absorbance readings, indicating that pH
control is crucial for the accurate analysis of TPC in honey.

Keywords: modified Folin-Ciocalteu assay; Folin-Ciocalteu (FC) assay; total phenolics content assay;
TPC; Eucalyptus marginata (Jarrah); Leptospermum sp. (Manuka); honey; assay validation

1. Introduction

Honey is a natural food product made by Apis mellifera bees from the nectar of plants
or honeydew with the aid of enzymes secreted from the glands of worker bees [1]. With its
high sugar content (approximately 80%), honey acts as a major source of carbohydrates
for bees. The sugars mainly comprise the monosaccharides fructose and glucose, and
to a lesser extent, the disaccharides sucrose and maltose. Honey also contains about
17% water [2,3].

The remaining approximately 3% is made up of a very diverse range of up to
200 different compounds, which are often related to the honey’s floral source [3]. Taken
together, these “other” constituents significantly contribute to the honey’s organoleptic
characteristics and its bioactivities [4]. Amongst them are a range of phenolic compounds,
including phenolic acids (e.g., gallic acid, p-hydroxybenzoic acid, caffeic acid) and various
flavonoids such as flavonols (e.g., kaempferol, quercetin), flavones (e.g., apigenin, chrysin,
luteolin), flavanones, flavanols, anthocyanidins, isoflavones, and chalcones [3,5–8]. The
presence of phenolic compounds in food products, beverages, honey, and other natural
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products is of interest as they have been linked to a range of potentially useful bioactiv-
ities [3], including antioxidant effects like radical scavenging activity and inhibition of
lipid oxidation [3]. The determination of the total phenolics content (TPC) of various food
products and beverages and with this an inference on their potential antioxidant activity
in vivo is therefore very common.

The TPC assay, also known as the Folin-Ciocalteu (FC) method, is well established
and uses the FC reagent to oxidise phenolic compounds. The reaction results in a blue-
coloured reduced FC reagent, which is measured at 760 nm [9] with the intensity of the
blue colour correlating with the sample’s phenolics content [10]. When carrying out the
traditional FC assay in Na2CO3, the basic reaction conditions maximise the reaction’s
efficiency as it proceeds faster with phenolates compared to phenols [9]. However, since the
assay is based on a redox reaction, compounds other than phenolics, for instance reducing
sugars (e.g., glucose, fructose, maltose) and ascorbic acid, are also able to reduce the FC
reagent [9,10].

The interference has been documented for certain food products, such as fruit juice [11]
and vegetables [12], but is normally of minor concern for most food items as they have
relatively low sugar and Vitamin C contents [10]. For food rich in sugar like beets, apples,
oranges, and milk chocolates, where sugars are a major component, Vinson employed
an acidic version of the FC assay [13,14]. Reducing sugars and enolates, for example
ascorbic acid and dehydroascorbic acid, were also found to be a major interference in the
FC assay of flours. To improve the specificity of the analysis, Pico et al. [15] introduced solid
phase extraction as a pre-assay clean-up technique, Carrez clarification, and subtracting the
ascorbic acid reducing activity. Furthermore, an assay known as Fast Blue BB assay was
utilized and was found to eliminate sugar interference, but interference of tyrosine was
observed, necessitating SPE extraction prior to analysis [15]. Bridi et al. [16] also reported
the interference of reducing sugars in measuring the TPC of beverages like commercial fruit
juices, powdered fruit juices, iced tea, and wines and attempted to improve the specificity of
the assay using polyvinylpolypyrrolidone (PVPP) to remove the non-phenolic constituents
from the samples. However, the findings of the study indicate that PVPP was unable
to adsorb these interfering compounds, in particular fructose, despite its effectiveness in
separating phenolics from their original food matrix. Magalhães et al. also acknowledged
the interference of sugar in the analysis of beer, wines, teas, and fruit juices and improved
the sensitivity of the assay by using sodium hydroxide instead of the typical sodium
carbonate as a base [17]. Sánchez-Rangel et al. [10] acknowledged the interference of sugars
and ascorbic acid in the measurement of TPC in strawberry, kiwifruit, and carrots. The
methods tested included the use of solid phase extraction (SPE) to remove interfering
substances, hydrogen peroxide (H2O2) treatments, and the quantification of ascorbic acid
(AA) to obtain a corrected TPC. The authors also proposed a modification to the FC assay
procedure that allows the simultaneous quantification of total AA content and TPC in plant
food extracts. The findings demonstrated that SPE is only recommended for flavonoids,
while H2O2 treatments may result in an overestimation of TPC values if a proper standard
is not selected. The proposed method of obtaining the total AA content to calculate the
corrected TPC was, however, found to be a simple and efficient approach as it allows
the simultaneous quantification of both TPC and total AA content without additional
requirements of chemicals and equipment.

In honey, its high sugar content can affect the accuracy of TPC measurements, particu-
larly when using the traditional FC assay [9]. This sugar interference can make it difficult
to compare TPC results in honey with those of food products and beverages with lower
sugar contents. To address this issue, some researchers have attempted to reduce sugar
interference in honey analysis. Beretta et al. [18] employed an acidic version of the FC assay,
as suggested by Vinson [13,14], whereas Šarić et al., utilized PVPP as a pre-assay clean-up
step prior to TPC analysis [19]. Finally, Nakaya et al. [20] utilized phenolic honey extracts
in their TPC determination.
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A multitude of more advanced methods has also been published for the determination
and often also quantification of phenolic constituents in honey. In a recent review, it was
found that HPLC is the most popular method, followed by LC-MS [8]. More recently, a
novel approach, using HPTLC derived data has also been published [21]. While an interfer-
ence of honey’s sugar matrix might be of no concern for these analyses, they nonetheless
face their own set of challenges, such as higher costs and more complex instrumentation,
and also a strong dependence on the availability of appropriate phenolic standards. More-
over, an identification/quantification approach is taking a very different angle to the total
phenolics content assay reported here, which is meant to be a basic screening tool for
the total activity of a given sample, rather than a focus on individual constituents that
might contribute to this effect. Both approaches are useful and complementary rather than
mutually exclusive.

Based on the review of 217 papers that reported the antioxidant activity in honeys
across the globe, 95% of the said papers correlated the observed antioxidant activity with
the honeys’ TPC. It can also be concluded from this review that for expressing the TPC in
honey, the FC assay remains an assay of choice [22–46], even though a more sophisticated
HPLC-based total phenolic quantification is also available [47,48]. Therefore, the aim of
this study is to modify the traditional FC assay for determining the TPC in honey with an
emphasis on minimising the sugar matrix effect.

2. Materials and Methods
2.1. Chemicals and Reagents

The chemicals and reagents that were used in this study were obtained as follows:
Folin-Ciocalteu Phenol solution 2N, fructose, and maltose were from Sigma-Aldrich, Tru-
ganina, Victoria, Australia; galactose, glucose, lactose, maltodextrin, mannose, anhydrous
sodium carbonate, sucrose, and xylose were from Chem-Supply Pty Ltd., Port Adelaide,
South Australia, Australia; and 3,4,5-trihydroxybenzoic acid (gallic acid) was from Ajax
Chemicals Ltd., Sydney, New South Wales, Australia. All reagents were of analytical
reagent grade and water used was deionised.

2.2. Honey Samples and Preparation

Table 1 shows the details of the honey samples used in the study. To ensure sample
homogeneity prior to sampling, the respective honeys were warmed in a water bath at no
more than 40 ◦C for 10 min and then stirred. A 20% m/v honey solution was prepared by
weighing ≥0.400 g of the warm and homogenised honeys and made up volumetrically
to 2.00 mL with deionised water, followed by vortex mixing. All honey solutions were
prepared in triplicate.

Table 1. Honey Samples used in the study.

Honey Name Botanical Source Supplier Date

Jarrah Eucalyptus marginata Bramwells, Western
Australia 16 July

Manuka Leptospermum sp. Barnes Naturals,
Victoria 17 January

MIX multifloral Wescobee, Western
Australia 19 June

TAB multifloral Aldi Supermarket,
Western Australia not indicated

2.3. Preparation of Reagents and Standards

The FC reagent was prepared by mixing 1 mL of FC Phenol solution with 30 mL
of deionised water. Aqueous solutions of anhydrous sodium carbonate with concen-
trations of 0.75%, 0.94%, and 7.5% (w/v) were also prepared. An artificial honey stock
solution consisting of 43.25% fructose, 36.25% glucose, 2.00% maltose, 1.50% sucrose, and
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17.00% water was also prepared. The solution was diluted with water to the required
concentration (0.4 g/mL) then stored under refrigeration and used within a week, both as a
spiking solution for samples and as a blanking solution for UV measurements in the total
phenolic assays [49]. Furthermore, aqueous solutions of artificial honey, fructose, galactose,
glucose, lactose, maltodextrin, maltose, mannose, sucrose, and xylose, all at a concentra-
tion of 20% w/v, were prepared as controls. A gallic acid stock solution (2 mg/mL) was
prepared by dissolving 200 mg of gallic acid in 100 mL of deionised water, and varying
concentrations were prepared depending on the analysis performed as indicated in Table 2.
All reagents were freshly prepared prior to use.

Table 2. Assay Parameters used to Optimise and to Validate the Modified FC Assay.

Section
in the
Paper

Analysis Parameters pH Na2CO3
Conc. (%) Condition Sample Sample Conc. Blanking

Solution
Gallic Acid Standard

Curve (µg/mL)
Inc.

Time (h)

Section 2.4.1,
Section 3.1.1 optimisation pH 1.8 0.00 untreated (without AH) gallic acid 20, 40 µg/mL water 10, 20, 30, 40, 50, 60,

80, 100 2

Section 2.4.1,
Section 3.1.1 optimisation pH 1.8 0.00 spiked with AH gallic acid 20, 40 µg/mL artificial honey 10, 20, 30, 40, 50, 60,

80, 100 2

Section 2.4.1,
Section 3.1.1 optimisation pH 7.9 0.75 untreated (without AH) gallic acid 20, 40 µg/mL water 10, 20, 30, 40, 50, 60,

80, 100 2

Section 2.4.1,
Section 3.1.1 optimisation pH 7.9 0.75 spiked with AH gallic acid 20, 40 µg/mL artificial honey 10, 20, 30, 40, 50, 60,

80, 100 2

Section 2.4.1,
Section 3.1.1 optimisation pH 8.4 0.94 untreated (without AH) gallic acid 20, 40 µg/mL water 10, 20, 30, 40, 50, 60,

80, 100 2

Section 2.4.1,
Section 3.1.1 optimisation pH 8.4 0.94 spiked w/AH gallic acid 20, 40 µg/mL artificial honey 10, 20, 30, 40, 50, 60,

80, 100 2

Section 2.4.1,
Section 3.1.1 optimisation pH 10.8 7.50 untreated (w/o AH) gallic acid 20, 40 µg/mL water 10, 20, 30, 40, 50, 60,

80, 100 2

Section 2.4.1,
Section 3.1.1 optimisation pH 10.8 7.50 spiked w/AH gallic acid 20, 40 µg/mL artificial honey 10, 20, 30, 40, 50, 60,

80, 100 2

Section 2.4.2,
Section 3.1.2 optimisation incubation time 7.9 0.75 spiked w/AH gallic acid 30, 40, 50, 60, 70,

80, 90 µg/mL artificial honey 30, 40, 50, 60, 70, 80, 90 2

Section 2.4.2,
Section 3.1.2 optimisation incubation time 7.9 0.75 spiked w/AH gallic acid 30, 40, 50, 60, 70,

80, 90 µg/mL artificial honey 30, 40, 50, 60, 70, 80, 90 3

Section 2.5.1,
Section 3.2.1 validation specificity 7.9 0.75 spiked w/AH AH &

Sugars 0.2 g/mL artificial honey 3, 4, 5, 6, 7,
8, 9 2

Section 2.5.2,
Section 3.2.2 validation linearity 7.9 0.75 spiked w/AH gallic acid 3–100 µg/mL artificial honey N.A 2

Section 2.5.2,
Section 3.2.2 validation range 7.9 0.75 spiked w/AH gallic acid 3–100 µg/mL artificial honey N.A 2

Section 2.5.3,
Section 3.2.3 validation LOD & LOQ 7.9 0.75 spiked w/AH gallic acid 3, 4, 5, 6, 7, 8, 9 µg/mL artificial honey 3, 4, 5, 6, 7,

8, 9 2

Section 2.5.4,
Section 3.2.4 validation accuracy 7.9 0.75 spiked w/AH gallic acid 14.4, 18.0, 21.6 µg/mL artificial honey 3, 4, 5, 6, 7,

8, 9 2

Section 2.5.5,
Section 3.2.4 validation precision 7.9 0.75 spiked w/AH gallic acid 6, 12, 18 µg/mL artificial honey 3, 4, 5, 6, 7,

8, 9 2

Section 2.5.6,
Section 3.2.6 validation robustness 7.9 0.75 spiked w/AH gallic acid 3, 4, 5, 6, 7, 8, 9 µg/mL artificial honey 3, 4, 5, 6, 7,

8, 9 2

Section 2.5.6,
Section 3.2.6 validation robustness 7.9 0.75 spiked w/AH gallic acid 3, 4, 5, 6,

7, 8, 9 µg/mL artificial honey 3, 4, 5, 6, 7,
8, 9 2.25

Section 2.5.6,
Section 3.2.6 validation robustness 7.9 0.75 spiked w/AH gallic acid 3, 4, 5, 6,

7, 8, 9 µg/mL artificial honey 3, 4, 5, 6, 7,
8, 9 2.5

Section 2.6,
Section 3.2.1 confirmation sugar matrix effect 7.9 0.75 spiked w/AH AH &

Sugars 0.2 g/mL artificial honey 3, 4, 5, 6, 7,
8, 9 2

Section 2.6,
Section 3.3 application modified method 7.9 0.75 spiked w/AH honeys 0.2 g/mL artificial honey 3, 4, 5, 6, 7,

8, 9 2

Section 2.6,
Section 3.3 application acidic method 1.8 0.00 spiked w/AH honeys 0.2 g/mL artificial honey 3, 4, 5, 6, 7,

8, 9 2

Section 2.6,
Section 3.3 application traditional method 10.8 7.50 spiked w/AH honeys 0.2 g/mL artificial honey 3, 4, 5, 6, 7,

8, 9 2

Legend: Conc.—concentration, LOD—limit of detection, LOQ—limit of quantification, Inc.—incubation time,
AH—artificial honey, N.A.—not applicable.

2.4. Folin-Ciocalteu Assays

This study performed a thorough evaluation of the FC assay using four distinct
stages of analysis: optimization, validation, confirmation of sugar matrix reduction, and
application. Table 2 provides a detailed breakdown of the assay conditions used in each
stage of the analysis.

The traditional FC assay, as described by Singleton et al. (1999), is performed in
strongly basic conditions (pH 10.9) using 7.5% w/v sodium carbonate solution. The
FC assay has also been performed in strongly acidic conditions (pH 1.8) using water
in lieu of the sodium carbonate solution [9]. In this study, the FC assay was performed in
pH 10.9 and in pH 1.8, following the methods of Singleton et al. and Beretta et al., respec-
tively, with slight modifications. In addition, the FC assay was modified to minimise the
sugar matrix effect for honey analysis by performing the assay in slightly basic conditions
(pH 7.9 and 8.9) using 0.75% and 0.94% (w/v) sodium carbonate solutions (see Table 2 for
details on each assay condition).

In all the assays above, 1 mL of FC reagent was added to 200 µL of the respective
gallic acid standards or samples or to 200 µL gallic acid-spiked artificial honey solution
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(0.4 mg/mL). The mixtures were allowed to react for 5 min at ambient temperature before
800 µL of Na2CO3 solution (0.00%, 0.75%, 0.94%, or 7.50% w/v) were added. The resulting
mixtures were incubated without light exposure for 2 h before their absorbance was
measured at 760 nm (Carry 60 Bio UV-Vis Spectrophotometer). Two hundred microliters
of water or water spiked with artificial honey solution (0.4 mg/mL), along with the other
reagents used in the assay were used as blanks for the UV measurements of untreated
(non-spiked) and spiked gallic acid standards, respectively. Samples were analysed in
triplicate, and the mean results for each sample were obtained. A more detailed description
of all assay parameters is included in Table 2.

To optimise the conditions for the FC assay for the specific context of honey analysis,
parameters such as effect of change in pH and incubation time were investigated.

2.4.1. Effect of pH

To determine the effect of pH, the FC assay was conducted at varying pH conditions
specifically at 1.8, 7.9, 8.9, and 10.9 achieved using 0.00%, 0.75%, 0.94%, and 7.50% w/v of
aqueous sodium carbonate solution, respectively. The absorbance of untreated gallic acid
samples were compared with the absorbances of gallic acid samples spiked and blanked
with artificial honey (see Table 2 for specific assay parameters).

2.4.2. Effect of Incubation Time

The effect of incubation time on the absorbance of the gallic acid standards was also
determined by subjecting the samples to either 2 h or 3 h of incubation in the modified
version of the FC assay (see Table 2 for the specific assay parameters used).

2.5. Validation of the Modified Folin-Ciocalteu Assay Suited to Honey Analysis

Based on the guidelines provided by the International Council for Harmonisation
(ICH), specificity, range and linearity, limit of detection, limit of quantification, accuracy,
and precision as well as robustness were evaluated for the modified FC assay which was
specifically developed for the determination of TPC in honey.

2.5.1. Specificity

The specificity of an assay is defined as its capability to determine the analyte in
the presence of additional components such as impurities, degradation products, and
matrix compounds [50]. In this study, the specificity of the modified assay was assessed
by comparing the absorbance obtained from an artificial honey matrix with that from the
artificial honey matrix containing gallic acid. Furthermore, to confirm whether the sugar
matrix effect was minimised in the modified assay conditions, 20% (m/v) aqueous solutions
of fructose, galactose, glucose, lactose, maltodextrin, maltose, mannose, sucrose, and xylose
as well as the artificial honey stock solution were all assayed, and the results were expressed
as mg GAE/100 g (see Table 2 for the specific assay parameters used).

2.5.2. Linearity and Range

The linearity and range of the modified assay was evaluated by testing different
concentrations of the working standard corresponding to 20–200% of the target concen-
tration. Replicate determinations (n = 3) were carried out for each test concentration in a
randomised manner, and the peak areas were plotted against test concentrations. Statistical
analysis was performed via the least squares method. Linearity was predicted by estimating
the regression coefficient (R2), and the linear regression y-intercept of the response versus
concentration plot [50] (see Table 2 for the specific assay parameters used).

2.5.3. Limit of Detection (LOD) and Limit of Quantification (LOQ)

These parameters are useful to demonstrate the sensitivity of the method and show that
the analysis is conducted in a concentration range that is above the quantitation limit. LOD
and LOQ for the modified assay were determined from the linearity study using a linear
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regression model as defined by the ICH Q2(R1) guidelines [50] (see Table 2 for the specific
assay parameters used). The parameters were calculated using the following equations:

LOD =
3.3 σ

S
(1)

LOQ =
10 σ

S
(2)

where: σ is the standard deviation of the response and S is the slope of the calibration curve.

2.5.4. Accuracy

The accuracy of the modified assay was evaluated by applying the modified assay
method to the analysis of artificial honey spiked with known amounts of gallic acid covering
the linear range of the method and equivalent to 80%, 100%, and 120% of the nominal
levels. The accuracy (% recovery) was calculated as the percentage of gallic acid detected
in the spiked samples [50] (see Table 2 for the specific assay parameters used).

2.5.5. Precision

The precision of the modified assay was assessed by repeatability (intraday) and inter-
mediate precision. The intraday precision was verified through the analysis of 50, 70, and
80 µg/mL gallic acid standards (n = 3) on the same day and under the same experimental
conditions. The intermediate precision of the method was assessed by carrying out the
analysis on three different days (interday) in the same laboratory. The test samples were
analysed, and the results evaluated based on the relative standard deviation (RSD) (see
Table 2 for the specific assay parameters used).

2.5.6. Robustness

To test the robustness of the modified total phenolics assay, the impact of changes to
incubation time and pH of the reaction were investigated as described in Section 2.4 (see
Table 2 for the specific assay parameters used).

2.6. Measurement of Total Phenolics Content of Honeys Using Different Folin-Ciocalteu Assays

The TPC of the four honeys (see Table 1) was determined at four different pH levels
using the methods described in Section 2.4. The TPC obtained from each assay was
expressed as gallic acid equivalents (GAE) per 100 g of honey sample (see Table 2 for the
specific assay parameters used).

2.7. Statistical Analysis

The t-test and one-way ANOVA analyses (statistical significance was set at p > 0.05)
with Tukey’s post hoc comparison were carried out using Graphpad Prism 9.5.0 (730)
(GraphPad Software, San Diego, CA, USA).

3. Results and Discussion
3.1. Modification of the Folin-Ciocalteu Assay Suited to Honey Analysis
3.1.1. pH Effect

To optimise the FC assay conditions for honey analysis, different pH scenarios were
trialed using different concentrations of Na2CO3 with the aim to minimise reducing sugar
interference and maximise the reaction of phenolics in the assay. The extent of sugar
interference was determined by comparing the absorbances of gallic acid samples with
gallic acid samples spiked and blanked with artificial honey solution (0.4 g/mL). It was
assumed that the absorbance readings of both samples would be very similar if there was
no sugar interference.

Figure 1 captures the extent of interference of reducing sugars in honey when the
assay is carried out with gallic acid as a test sample (blanked with water) as compared to
being spiked and blanked with 0.4 g/mL artificial honey solution using 7.50% aqueous
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Na2CO3 (pH 10.8), in line with the traditional FC assay conditions. A significant difference
(p =< 0.0001) in the mean (n = 3) absorbance of both the 20 and 40 µg/mL aqueous gallic
acid solutions can be observed with the mean absorbance of the spiked solutions being
49.33% (for 20 µg/mL) and 48.61% (for 40 µg/mL) higher.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 8 of 18 
 

 

Figure 1. (A–C). (A)—Comparison of the standard curve of gallic acid blanked with water (blue line) 

and of gallic acid spiked and blanked with 0.4 g/mL artificial honey solution (red line); (B,C) show 

the absorbances of 20 µg/mL and 40 µg/mL concentrations of gallic acid blanked with water (blue) 

and spiked and blanked with 0.4 g/mL artificial honey solution (red). Both assays used FC reagent 

and 7.50% Na2CO3 (pH 10.8). Significance levels were determined using a two-tailed t-test and is 

indicated as **** = p < 0.0001. 

This confirms the findings of previous studies that have reported the interference of 

reducing sugars when using the FC reagent at high pH [12,15,17]. 

The literature also reports the use of acidic assay conditions for the FC method 

[24,29,51], which can be achieved by replacing the 7.50% Na2CO3 solution with water due 

to the acidic nature of the FC reagent. The assay of 20 µg/mL and 40 µg/mL gallic acid 

solutions and gallic acid solutions spiked and blanked with artificial honey under acidic 

conditions (pH 1.8, achieved by replacing Na2CO3 with water) resulted in very similar 

absorbance values, indicating an absence of or negligible sugar interference (Figure 2). 

Statistically, no significant difference in the mean (n = 3) of the absorbances of 20 µg/mL 

gallic solution for both conditions was noted when treated with FC reagent and 0.00% 

Na2CO3 solution (p = 0.1028). However, a significant increase in the absorbance of the 40 

µg/mL gallic acid solution when compared with the same solution spiked and blanked 

with the artificial honey solution could be noted (p = 0.0074), but the said increase was 

only 2.77%. An overall marked decrease in absorbance readings was, however, noted for 

Figure 1. (A–C). (A)—Comparison of the standard curve of gallic acid blanked with water (blue line)
and of gallic acid spiked and blanked with 0.4 g/mL artificial honey solution (red line); (B,C) show
the absorbances of 20 µg/mL and 40 µg/mL concentrations of gallic acid blanked with water (blue)
and spiked and blanked with 0.4 g/mL artificial honey solution (red). Both assays used FC reagent
and 7.50% Na2CO3 (pH 10.8). Significance levels were determined using a two-tailed t-test and is
indicated as **** = p < 0.0001.

This confirms the findings of previous studies that have reported the interference of
reducing sugars when using the FC reagent at high pH [12,15,17].

The literature also reports the use of acidic assay conditions for the FC method
[24,29,51], which can be achieved by replacing the 7.50% Na2CO3 solution with water
due to the acidic nature of the FC reagent. The assay of 20 µg/mL and 40 µg/mL gallic acid
solutions and gallic acid solutions spiked and blanked with artificial honey under acidic
conditions (pH 1.8, achieved by replacing Na2CO3 with water) resulted in very similar
absorbance values, indicating an absence of or negligible sugar interference (Figure 2).
Statistically, no significant difference in the mean (n = 3) of the absorbances of 20 µg/mL
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gallic solution for both conditions was noted when treated with FC reagent and 0.00%
Na2CO3 solution (p = 0.1028). However, a significant increase in the absorbance of the
40 µg/mL gallic acid solution when compared with the same solution spiked and blanked
with the artificial honey solution could be noted (p = 0.0074), but the said increase was
only 2.77%. An overall marked decrease in absorbance readings was, however, noted for
the samples analysed under acidic conditions (absorbance range 0.020–0.150, see Figure 2)
compared to corresponding samples analysed under basic conditions (absorbance range
0.050–0.650, see Figure 1). This reduction in absorbance might be explained by a reduced
reaction rate of phenolics compared to the corresponding phenolates. Ultimately, this might
lead to an underestimation of the TPC of the honey sample.
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Figure 2. (A–C). (A)—Comparison of the standard curve of gallic acid blanked with water (blue
line) and of gallic acid spiked and blanked with 0.4 g/mL artificial honey solution (red line);
(B,C) show the absorbances of 20 µg/mL and 40 µg/mL gallic acid solutions blanked with wa-
ter (blue) and spiked and blanked with 0.4 g/mL artificial honey solutions (red). Both assays used FC
reagent and 0.00% Na2CO3 (pH 1.8). Significance levels were determined using a two-tailed t-test
and are indicated as ns = not significant, and ** = p < 0.005).

A pH of about 7.9, achieved by using 0.75% aqueous Na2CO3 solution, was found
to provide suitable conditions with most of the phenolic compounds being accounted
with very minimal interference from reducing sugars (Figure 3). Although the difference
between the means of the untreated and spiked samples were statistically significant
(p = 0.0015 for 20 µg/mL and p = 0.0001 for 40 µg/mL), a very low difference in the
absorbance readings was detected (5.72% for 20 µg/mL and 5.97% for 40 µg/mL). It is
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also noteworthy that the absorbance readings were considerably higher compared to those
obtained under acidic conditions (absorbance range 0.050–0.350, see Figure 2).
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Figure 3. (A–C). Comparison of the standard curve of gallic acid blanked with water (blue line) and
of gallic acid spiked and blanked with 0.4 g/mL artificial honey solution (red line); (B,C) shows the
absorbances of 20 µg/mL and 40 µg/mL solutions of gallic acid blanked with water (blue) and spiked
and blanked with 0.4 g/mL artificial honey solution (red). Both assays used FC reagent and 0.75%
Na2CO3 (pH 10.8). Significance levels were determined using a two-tailed t-test and are indicated as
** = p < 0.005 and *** = p < 0.0005).

It was also tested whether a slight increase in pH can affect sugar interference. As
is evident from Figure 4, it was found that even a moderate deviation in pH (pH 8.9) by
using a 0.94% aqueous solution of Na2CO3 leads to discrepancies in absorbance readings
for equivalent gallic acid concentrations (p =< 0.0001, 13.33% difference for 20 µg/mL and
p =< 0.0001, 15.95% difference for 40 µg/mL).
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Figure 4. (A–C). Comparison of the standard curve of gallic acid solution blanked with water (blue
line) and of gallic acid solution spiked and blanked with 0.4 g/mL artificial honey solution (red line);
(B,C) show the absorbances of 20 µg/mL and 40 µg/mL solutions of gallic acid blanked with water
(blue) and spiked and blanked with 0.4 g/mL artificial honey solution (red). Both assays used FC
reagent and 0.94% Na2CO3 (pH 10.8). Significance levels were determined using a two-tailed t-test
and is indicated as **** = p < 0.0001).

3.1.2. Effect of Incubation Time

Incubation time was also noticed to play a part in the modified FC assay. Figure 5
compares the standard curve of gallic acid incubated for 2 and 3 h after being treated with
FC reagent. It was found that an incubation time of 2 h ensured that reducing sugars were
not accounted for but phenolics present in the sample had sufficient time to react. After
3 h of incubation, an increase in absorbance readings was noted, which might stem from a
partial, albeit slow, reaction of sugars. The interference in the FC assay is mainly due to
reducing sugars, as established by Pico and colleagues [36]. Carmona-Hernandez et al.,
optimized the assay for the analysis of Colombian Passion Fruits, using 3.5% Na2CO3
and tested three incubation time points (0.5, 1.5, and 3.33 h). Their findings demon-
strated that the TPC was highest when measured after 1.5 h [52]. These findings highlight
the importance of carefully considering the incubation time in the FC assay to obtain
accurate results.
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Figure 5. Comparison of the standard curves of gallic acid spiked and blanked with 0.4 g/mL
artificial honey solution after treatment with FC reagent and 0.75% Na2CO3 (pH 7.9) after 2 h of
incubation (blue line) and after 3 h of incubation (red line).

3.2. Validation of the Modified Folin-Ciocalteu Assay Suited to Honey Analysis
3.2.1. Specificity

Specificity reflects the ability of an assay to detect the analyte(s) in the presence of
other constituents. In the specific context of honey analysis, the traditional FC assay
(pH 10.8) lacks sufficient specificity as, under basic conditions, other reductants (e.g.,
reducing sugars) and not just phenolics, will react (Figure 1). Therefore, changes were
made to the assay protocol to increase its specificity for the analysis of TPC of honey.
Figure 3 illustrates the increased specificity of the modified assay at pH 7.9. Earlier, it
was described that reducing sugars also have the ability to react with the FC reagent
under strongly basic reaction conditions, a finding that has also been confirmed by other
researchers [12,15,17]. Figure 2 demonstrates that lowering the pH effectively removes this
interference which is in accordance with other studies [13,51].

To confirm the effectiveness of the modified FC assay protocol in minimizing the
interference of the sugar matrix, 20% m/v aqueous solutions of individual sugars and also
an artificial honey solution (see Section 2.4 for composition) were also analysed using the
modified protocol. Table 3 illustrates that the artificial honey solution produced a detectable
reaction in the modified assay, equivalent to 0.59 ± 0.02 mg GAE/100 g, whereas among the
individual sugar solutions, only maltodextrin (2.82 ± 0.16), fructose (2.23 ± 0.06), galactose
(0.55 ± 0.07), and sucrose (0.08 ± 0.03) could be detected; however, all were below the
established limit of quantification of the assay.

Table 3. Total Phenolic Content of Sugar Solutions.

Sugar Amount in Floral Honey (%) TPC (mg GAE/100 g) Remarks

Artificial honey N.A. 0.59 ± 0.02 <LOQ
Glucose <30.00% [53] Not detected <LOD
Fructose <50.00% [53] 2.23 ± 0.06 <LOQ
Sucrose <5.00% [54] 0.08 ± 0.03 <LOQ
Maltose <2.00% [55] Not detected <LOD
Xylose <0.50% [56] Not detected <LOD

Galactose <0.01% [57] 0.55 ± 0.07 <LOQ
Lactose <0.01% [57] Not detected <LOD

Maltodextrin N.A. 2.82 ± 0.16 <LOQ
Mannose N.A. Not detected <LOD

Legend: N.A.—Not applicable, LOD—Limit of Detection, LOQ—Limit of Quantification.
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The impact of reducing sugars on the FC assay was explored in a number of previous
studies. Muñoz-Bernal et al., found that among the tested sugars (glucose, sucrose, fructose,
xylose, mannose, rhamnose, and arabinose), glucose and sucrose had the least effect while
fructose and xylose had the highest effect [12]. Bastola et al. reported significant interference
from xylose, while glucose also had a noticeable interference when 11.50% Na2CO3 was
used [58]. Magalhães et al., found that glucose had higher interference compared to fructose,
with sucrose showing no reaction in the assay [17].

The findings of this study demonstrate that only fructose, sucrose, and galactose,
which are commonly found in honeys, react under the modified assay condition, but that
their interference, while not completely hindered, can be minimized by adjusting the pH
to 7.9.

The artificial honey analyzed in this study contained glucose, fructose, sucrose, and
maltose, and its detectable reaction was most likely due to its fructose and sucrose con-
stituents. Magalhães et al. [17] discovered an additive effect when fructose is combined
with gallic acid and analyzed using the FC assay with 6.00% base. Interestingly, in that
study glucose was shown to have a synergistic effect, where it regenerates oxidized phenols
to allow further reaction with the FC reagent. Therefore, spiking gallic acid standards with
artificial honey solution can be assumed to eliminate various reaction mechanisms that
cause interferences by reducing sugars. This highlights the effectiveness of the modified
FC assay for analyzing samples with high sugar content, such as honey.

3.2.2. Range/Linearity

The linearity of the modified assay protocol was investigated by analysing, in triplicate,
seven aqueous concentrations of gallic acid (30–90 µg/mL) spiked with artificial honey
(0.2 g/mL). The correlation coefficients of the straight lines were found to be 0.9942, 0.9966,
and 0.9984 respectively, demonstrating adequate linearity in the modified assay protocol.

3.2.3. Limit of Detection (LOD) and Limit of Quantitation (LOQ)

For the modified FC assay the LOD was found to be 2.55 µg/mL, and the LOQ was
7.74 µg/mL.

3.2.4. Accuracy

The results of the accuracy and precision tests are shown in Table 4. The percentage
recovery was found to be 99.5, 99.1, and 100.2% for 50, 70, and 80 µg/mL gallic acid,
respectively, which were all within the acceptable limit (95% confidence interval) stipulated
by the ICH guidelines, confirming that the method is accurate in determining the TPC
of honey.

Table 4. Accuracy and Precision (n = 3).

Standard Concentration
(µg/mL)

Intra-Day
Precision CV (%)

Inter-Day
Precision CV (%)

Accuracy
Recovery (%)

Gallic acid 50 0.53 0.48 99.5
Gallic acid 70 0.63 0.70 99.1
Gallic acid 80 0.51 0.53 100.2

3.2.5. Precision

The precision of the method, expressed as coefficient of variation, is also shown in
Table 4 and is divided into intra-day precision and inter-day precision. All values were
found to be less than 1%, thus within the acceptable limit (95% confidence interval) as per
ICH guidelines, suggesting excellent precision.

3.2.6. Robustness

The robustness of an analytical procedure is a measure of its capacity to remain
unaffected by small, but deliberate variations in method parameters and provides an
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indication of its reliability during normal usage. To test the robustness of the modified
TPC assay, incubation time and the pH of the reaction were slightly modified. In terms of
incubation time, the method was found to be robust if deviation from the 2 h incubation
time was not greater than +30 min, as demonstrated by Figure 6. However, if the incubation
time was extended from 2 h to 3 h, an increase in absorbance values could be noted
(Figure 5). Similarly, as discussed earlier, the pH of the reaction appears to be an important
factor (see Figure 1). In the specific context of the analysis of total phenolics in honey, the
robustness of the FC method is therefore limited, and it is important to control incubation
time and pH.
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Figure 6. (A,B). Comparison of the absorbances of 30 µg/mL (A) and 110 µg/mL (B) concentrations
of gallic acid spiked and blanked with 0.4 g/mL artificial honey solution when treated with FC
reagent and 0.75% Na2CO3 (pH 7.9) and measured after 2 h of incubation time (blue), after 2 h and
15 min of incubation time (red), and after 2 h and 30 min incubation time (green). Significance levels
were determined using a one-way ANOVA (p < 0.0001) and Tukey post hoc comparison method
was used to further compare the results, with different symbols indicating the level of significance
(ns = not significant, * = p < 0.05, and ** = p < 0.005).

3.3. Honey Analysis

Table 5 shows the TPC (expressed as mg gallic acid equivalent/100 g sample) of four
different commercial honeys measured using the FC assay in different pH conditions.

Table 5. Total Phenolics Content (expressed in mg gallic acid equivalent/100 g sample) for different
commercial honeys obtained by the FC Assay in different pH conditions.

Honey/Sugar
Sample

TPC mg GAE/100 g Honey % Difference
pH 7.9 and 10.8pH 1.8 pH 7.9 pH 10.8

TAB 10.61 ± 0.14 18.55 ± 0.08 23.12 ± 0.41 19.77
MIX 19.86 ± 0.22 34.60 ± 0.27 53.08 ± 0.35 34.82

MAN 24.64 ± 0.43 54.00 ± 1.44 84.9 ± 0.62 36.40
JAR 28.56 ± 0.16 56.03 ± 0.57 79.51 ± 0.21 29.53

The results demonstrate the strong pH-dependence of the assay and highlight the im-
portance of carrying out the analysis in near neutral pH (7.9) to minimise any interference
of reducing sugars and to maximise the reactivity associated with the various phenolics
present in the honey samples; as can be seen from the data presented in Table 5, the absolute
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value of TPC can be more than triple for a honey, depending on the pH of the assay condi-
tions. As has been demonstrated in this study, higher absorbance readings and thus higher
calculated TPCs are found in strongly basic conditions (pH 10.8) due to the contributions
of reducing sugars. Thus, in this instance, the TPC of the honeys is overestimated which is
further reflected by the % difference of the calculated TPC for each samples when assayed
with FC using the modified versus the traditional version of the assay. Comparing TPC
data for acidic and slightly basic conditions, where sugar interference has been found to be
below the limit of quantification (see Table 5), illustrates the different levels of reactivity
associated with phenols and phenolates. To allow comparative analyses of the TPC between
honey and other, less sugar-rich food items, which are traditionally analysed at basic pH
where the various phenolic compounds are accounted for in their phenolate state, for the
analysis of honey, the FC assay should be carried out at pH 7.9 to maximise absorbance
readings from its phenolic constituents.

By employing the modified assay conditions, Jarrah (JAR) honey was found to contain
56.03 ± 0.57 and Manuka (MAN) honey 54.00 ± 1.44 mg GAE/100 g, and the TPC of
two multifloral honeys (MIX and TAB) was 18.55 ± 0.08 and 34.60 ± 0.27 mg GAE/100 g,
respectively. The TPC values determined in this study fall within previously reported TPC
values for these honeys since Western Australian Jarrah (n = 6) was reported to have a TPC
between 46.26 and 56.09 mg GAE/100 g with a mean of 50.58 ± 3.76, and for Australian
and New Zealand Manuka honeys (n = 29), TPC values ranged between 22.60 and 66.30 mg
GAE/100 g with a mean of 35.40 ± 10.54. The TPC of Western Australian multifloral
honeys (n = 12) ranged from 17.60 to 45.90 with a reported mean TPC of 35.1 ± 10.9 mg
GAE/100 g [59–61]. The difference in the TPC of each honey type can be attributed to the
quantity and quality of its phenolic compounds [62].

Table 5 shows the percentage difference in the TPC obtained from the modified method
and the traditional FC assay. It reflects the overestimation of TPC due to sugar interference.
A relatively consistent level of percentage difference was observed for MIX, MAN, and JAR
honeys (34.82, 36.40, and 29.53%, respectively). The value obtained for the multifloral TAB
honey was lower (19.77%), which might be attributed to the reactivity and quantity of its
phenolic compounds as well as its individual sugar profile [62]. However, more analyses
would need to be carried out to confirm this assumption. Generally, the comparison of TPC
values should be approached with caution, as only one honey sample each was analyzed in
this study. Further investigations using larger sample sizes would be necessary to validate
the results and provide a more accurate representation of the overall TPC values for
these honeys.

4. Conclusions

This study aimed to improve the accuracy of the Folin-Ciocalteu assay for honey
analysis by examining the impact of pH. The traditional method, which uses a 7.50%
aqueous Na2CO3 solution (pH 10.8) was found to result in a significant overestimation
of honey’s total phenolic content due its high sugar content, specifically the presence
of reducing sugars. It could be demonstrated that a pH of 7.9, achieved using a 0.75%
aqueous Na2CO3 solution, allows for an accurate measurement of phenolic compounds
without interference from reducing sugars. This was confirmed by analyzing various sugar
solutions and also an artificial honey. The modified method was validated according to the
International Council on Harmonisation guidelines and found to produce precise, accurate,
and repeatable results. Next to highlighting the importance of pH control, it could also be
shown that an incubation time of 2 h (+30 min) is recommended to obtain accurate results.
The modified assay was used in this study to determine the total phenolics content of four
Western Australian honey samples (Jarrah, Manuka, and two multifloral honeys).
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Indicators of The Authenticity of Monofloral Honey from the Territory of the Republic of Serbia. Maced. J. Chem. Chem. Eng. 2021,
40, 49. [CrossRef]
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