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Abstract

Thirteen botanical product repellent compounds such as 2-undecanone, capric, lauric, coconut fatty acids (and
their methyl ester derivatives), and catnip oil were formulated in either Coppertone or Aroma Land lotions and
evaluated against laboratory-reared Aedes aegypti L. (Diptera: Culicidae) mosquitoes. These formulations con-
tained 7-15 wt/wt of the botanical repellent as the major active ingredient either pure or as mixtures. USDA
standard repellent test cages were used to determine the complete protection time (CPT) of the different for-
mulated repellents. Two of the evaluated formulations, a 7% capric acid in Coppertone (CPT 2.7 + 0.6 h) and
7% coconut fatty acids containing carrylic acid, capric acid, and lauric acid in Coppertone (CPT 2.3 + 2.0 h), pro-
vided strong repellency against mosquitoes up to 3 h, which was equivalent to the (N,N-diethyl-m-toluamide)
DEET control (CPT 2.7 + 0.6 h).This work suggests future potential for these botanical product-based repellents

as alternatives to commercial DEET-containing products.

Key words: repellent, essential oil, mosquito bite prevention, complete protection time

The use of mosquito repellents is one of the most effective ways
to reduce nuisance and vector mosquito bites (Fradin 2001). The
Centers for Disease Control and Prevention (CDC) has recom-
mended six active ingredients (Barnard and Xue 2004) approved
by the Environmental Protection Agency (EPA) to prevent mosquito
bites, of which N,N-diethyl-m-toluamide (DEET) is the most effec-
tive (Yap et al. 1998; Thavara et al. 2001). Although DEET remains
the gold standard, reports of its impact on human health have de-
creased public acceptance of the repellent (Ware and Whitacre 2004;
CDC 2007).

The growing negative public perception to DEET and other syn-
thetic chemicals (Isman 2006) in conjunction with FIFRA Section
25(b), which exempts registration of plant essential oil-based
repellents, has led to a dramatic increase in available products
claiming to prevent biting mosquitoes. There has been an over-
whelming number of studies supporting the repellent and insecti-
cidal properties of plant-derived essential oils (Sukumar et al. 1991;

Nerio et al. 2010; Lupi et al. 2013; Rehman et al. 2014). However,
a major drawback to using plant-derived repellents is the limited re-
sidual or protection time offered by these products compared with
DEET (Rehman et al. 2014). Thus, there is a need to develop plant-
based active ingredients that offer similar protection time and effi-
cacy as the current EPA approved active ingredients.

Recently, medium-chain-length fatty acids, including carrylic
acid, capric acid, and lauric acid, derived from coconut oil have
been shown to exhibit repellent activity against various biting
arthropods (Zhu et al. 2018). Repellency by these fatty acids against
ticks, bed bugs, and biting flies was found to be stronger than DEET
while providing a longer residual effect. Similar evidence for their
repellency against mosquitoes suggests that these compounds merit
further research. Catnip oil is another viable candidate to investi-
gate as it is considered one of the strongest biting fly repellents (Zhu
et al. 2009), exhibiting similar repellency as DEET against mosqui-
toes (Reichert et al. 2019). The findings presented herein investigate
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the complete protection time (CPT), the time between exposure of
the treated arm to the time when the first mosquito landed on or
bit a treated arm, of 13 mixtures containing one or more botanical
product repellent candidates formulated into two carrier skin pro-
tection lotions.

Materials and Methods

Thirteen repellent formulations were prepared by the United States
Department of Agriculture/Agriculture Research Service (USDA/
ARS) and sent to Anastasia Mosquito Control District (AMCD), St.
Augustine, FL, for testing. The formulated products (Table 1) were
prepared using either Coppertone (CP) or Aroma Land (AL) lotions
as the carrier. The botanical repellents, 2-undecanone, capric (C, ),
lauric (C,,), coconut fatty acids and each of their corresponding
methyl esters, and catnip oil, were added either in pure form or as a
(1:1) mixture to their respective carrier lotion.

A 6.65% DEET control (Cutter Skinsations Insect Repellent, St.
Louis, MO) was used as the positive control. The two carrier lotions,
CP and AL, were used as negative controls and were provided by
USDA/ARS. All formulated materials were received as label encoded
samples (A through O), so the evaluation could be conducted as a
blind study.

Aroma Land Hand and Body Lotion (Unscented) was pur-
chased from Aromaland Inc. (Santa Fe, NM). Coppertone Tanning
Sunscreen Lotion, SPF 8, Water Resistant (80 min) was purchased
from Bayer HealthCare LLC (Whippany, NJ). Boron trifluoride di-
ethyl etherate and 2-undecanone (99%) was purchased from Sigma-
Aldrich Co. (St. Louis, MO). Capric acid (96 %) was purchased from
Acros Organics (Morris, NJ). Coconut Fatty Acid 745 Food grade
Kosher was purchased from Acme Hardesty (Blue Bell, PA). Lauric
acid (97%) was purchased from Pfaltz & Bauer (Waterbury, CT).
Catnip essential oil was purchased from Bramble Berry (Bellingham,
WA). Hexanes, ethyl acetate, sodium sulfate, sodium chloride, and
sodium phosphate monobasic monohydrate were purchased from
Fisher Scientific Co. (Fairlawn, NJ). Methanol was obtained from
EMD Millipore Co. (Billerica, MA). Filter paper was obtained from
Whatman (Clifton, NJ).

Acid-catalyzed esterification reactions were conducted in a 1-liter
round bottom flask. A solution of boron trifluoride diethyl etherate
(0.4 M, 9.45 ml) in methanol (190.55 ml) was added to 100.00 g of
the starting fatty acid (e.g., capric acid, lauric acid, or coconut fatty
acid). The reaction was heated to reflux with a cold condenser. After
24 h, the flask contents were allowed to cool to room temperature
and transferred to a separatory funnel followed by the addition of
50 ml of a 1:1 ethyl acetate:hexane solution. The pH of the solu-
tion was then adjusted to 5.0-6.0 using distilled water and a final
wash with a sodium phosphate buffer (NaH,PO,, pH 5, 519 g in
4-liter H,0). The organic layer was then washed with a saturated so-
dium chloride solution, dried over sodium sulfate, and filtered with
Whatman #54 filter paper. All reactions were concentrated in vacuo
via Kugelrobr distillation (0.013-0.067 kPa) up to 100-110°C to
yield the purified, colorless fatty acid methyl ester distillates. The
final product was then filtered through Whatman #54 paper.

Samples were prepared by weighing each botanical product re-
pellent into a tared 4 or 8 oz Qorpak glass jar depending on the final
sample size desired. The corresponding amount and type of carrier
lotion was then added to the jar. The samples were then vigorously
mixed using a Cat Scientific X120 Handheld Homogenizer Drive
with a T10 Dispersing Tool fitted with a V Type Generator. Mixing
time varied depending on sample size, 2 oz samples were mixed from
60 to 70 s, whereas larger 5 oz samples were mixed from 120 to
135 s. The compounds that were solid at room temperature, i.e.,
capric acid, coco fatty acid, and the capric/coco fatty acid mixture
were gently heated on a steam bath before weighing and then again
immediately before mixing. The homogenizer was wiped clean be-
tween each sample and then rinsed with acetone. The homogenizer
was finally submerged in a clean jar of acetone and turned on to re-
move any residual products from the dispersing tool. The remaining
acetone was then blown off with the use of an air hose.

USDA standard repellenttest procedures modified from EPA (2009)
methods were followed. Mosquito cages (35.5 x 38.1 x 45.7 cm)
with laboratory-reared Aedes aegypti L. (Diptera: Culicidae) were
positioned in a large room, at 22-23°C with ambient relative hu-
midity of 60%. Mosquitoes were reared at AMCD insectary with
conditions maintained at 26.6 = 1°C, 70.0 = 10% relative humidity,

Table 1. Repellent formulation including active ingredient(s) and complete protection time

Sample code Active ingredient Formulation Percentage (% wt) CPT (h) = SD Range (h)
A 2-Undecanone Coppertone 15 0a 0
B 2-Undecanone Aroma Land Lotion 15 0.3 = 0.6a 0-1
C C10 fatty acid Coppertone 7 2.7+0.6 2-3
D Coconut fatty acids Coppertone 7 2.3+2.0 0-5
E C10 fatty acid/coconut fatty acids ~ Coppertone 7 20 2
F C10 fatty acid methyl ester Aroma Land Lotion 7 0.6 +1.2a 0-2
G C10 fatty acid methyl ester Coppertone 7 0a 0
H C12 fatty acid methyl ester Aroma Land Lotion 7 0a 0
1 C12 fatty acid methyl ester Coppertone 7 0a 0
J Coconut fatty acid methyl esters Coppertone 7 0a 0
K Coconut fatty acid methyl esters Aroma Land Lotion 7 0a 0
L Control Coppertone 0 0a 0
M Control Aroma Land Lotion 0 Oa 0
N Catnip Coppertone 10 0.6 =1.2a 0-2
(@) Catnip Aroma Land Lotion 10 2+0 2
Cutter Skinsations Insect DEET Liquid 6.65 2.7+0.6 2-3

Repellent

CPT, complete protection time; DEET, N,N-diethyl-m-toluamide.

“The mean CPT of the repellent formulations was significantly different (P < 0.05 by analysis of variance and Tukey’s test).
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and a 14:10 h (L:D) photoperiod. Cages were placed on individual
tables separated at least 5 m apart from one another.

Testing was conducted on eight AMCD employee volunteers,
five males and three females ranging in age between 36 and 65 and
31-58, respectively, all of whom provided written informed consent
using the AMCD consent form. Each repellent formulation (2 ml)
was applied to the forearm of a volunteer and allowed to dry for 1 h
prior to evaluation. Each volunteer received different treatments on
each arm. During the evaluation volunteers inserted their left arm
into a cage with 200 starved, 5- to 7-d-old female Ae. aegypti for a
3-min exposure period. Following the first arm, a 1-min reset period
was conducted, and then the right arm was inserted into the cage for
3 min. Participants wore thick garden gloves (ACE Hardware) to
protect their hands. The number of mosquitoes landing and probing
on the exposed forearm was counted and recorded during the ex-
posure. The test was completed when the mosquitoes successfully
probed or after 3 min if no mosquitoes probed. If no probing oc-
curred after the 3 min, the participants would repeat the procedure
after 1 h. These tests were repeated three times on different days, and
each formulation was rotated, so that a single participant never had
the same repellent formulation. The three separate replications were
averaged, and the CPT was calculated. CPT was defined as the time
from application of the repellent/control to the time the first mos-
quito landed on or bit the repellent/control-treated arm.

One-way analysis of variance followed by Tukey’s test was used
to compare the mean CPT for the tested repellents and controls.
A P-value of less than 0.05 was considered to indicate statistical
significance.

Results

DEET (6.65%) provided 2.5 h of CPT. There was a statistically sig-
nificant difference in CPT compared with DEET (df = 15, P = 0.007).
A Tukey’s post hoc test revealed four formulations that provided no
statistically significant difference in the CPT compared with DEET:
10% catnip oil in AL, 7% C,, fatty acid, 7% C, fatty acid/coconut
fatty acid (1:1) in CP, and the 7% coconut fatty acid in CP. Table 1
lists the CPT times of these repellent formulations. A CPT just under
1 h was provided by the 15% 2-undecanone in AL lotion, 10%
catnip in CP,and 7% C, fatty acid methyl ester in AL lotion. The CP,
AL, 7% C,, fatty acid methyl ester in CP, 7% C12 fatty acid methyl
ester in AL, 7% C,, fatty acid methyl ester in CP, 7% coconut fatty
acid methyl ester in AL, and 7% coconut fatty acid methyl esters in
CP provided no CPT.

Discussion

The findings of this study demonstrate that both the coconut fatty
acids and C, fatty acid formulated in CP resulted in efficacy with
the same CPT as the commercial repellent product containing the
6.65% DEET. Other formulations combining mixtures of coconut
fatty acids and the medium-chain-length fatty acids showed prom-
ising protection times when compared with the control. Overall, our
findings support a previous study that demonstrated equal repellency
between the coconut fatty acids and DEET against Ae. aegypti (Zhu
et al. 2018). Additionally, this study corroborated previous findings
showing catnip oil as an effective plant-based repellent and compa-
rable to DEET against Ae. aegypti (Reichert et al. 2019). Although,
the 10% catnip oil in AL provided 30 min less CPT time compared
with DEET in the current study.

Interestingly, the 15% 2-undecanone in CP and AL resulted
in no and 0.3 (h) CPT, respectively. The EPA list 2-undecanone
as an approved repellent for mosquito bit prevention, but the lit-
erature has few reports and those reports demonstrate limited
protection (Patel et al. 2016). The results presented here sug-
gest that 2-undecanone offers limited protection from mosquito
bites and the botanical products formulated with coconut fatty
acids and C, fatty acid would be a more suitable alternative to
2-undecanone.

Both coconut oil and its corresponding medium-chain-length
fatty acids are ‘generally recognized as safe’ (GRAS; FDA 2018).
Medium-chain-length fatty acids such as capric acid are readily
available, inexpensive commodities, and widely used in the food
and cosmetics industries (Libert 1987; Gervajio 2005). These char-
acteristics make coconut fatty acids desirable materials for repellent
development.

It should be noted that the Coppertone product label suggests re-
application every 80 min. Active coconut fatty acids and their methyl
ester repellent compounds are not highly volatile and contain no
double bonds and are expected to be thermal and oxidatively stable
as a formulated product. Although 2-undecanone is also expected
to be thermally and oxidatively stable, it has a high vapor pressure,
so packaging controls would be needed to prevent its evaporation
when formulated with the lotions. In addition to volatility, catnip
oil is also susceptible to degradation due to UV, heat, and oxygen
(Patience et al. 2018), and therefore would require additional pack-
aging controls to reduce its degradation and loss. Future evaluations
of botanical repellent compounds should be formulated with lotions
offering periods of control that match the duration of the repellent
activity and with the additional packaging controls necessary to sta-
bilize the active ingredient.

It has been demonstrated that fatty acids derived from coconut
oil present stronger repellency against several blood-sucking insects,
compared with DEET (Zhu et al. 2018). Further development of for-
mulations containing coconut fatty acids is needed to determine the
role coconut fatty acids play in mosquito bite prevention with these
current findings laying the initial framework to determine which
medium-chain-length fatty acid provides the longest CPT against
mosquitoes. Further research to determine the optimal fatty acid
concentration of the four stand out formulations is needed to opti-
mize them as a mosquito repellent. The GRAS status of the coconut
fatty acids should increase their acceptance as a mosquito repellent
by consumers and public health professionals.
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