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Manuka honey microneedles 
for enhanced wound 
healing and the prevention 
and/or treatment 
of Methicillin‑resistant 
Staphylococcus aureus (MRSA) 
surgical site infection
Galit H. frydman1,2,3*, David Olaleye1,2, Damodaran Annamalai1, Kim Layne1, Illina Yang1, 
Haytham M. A. Kaafarani3 & James G. fox1

Manuka honey (MH) is currently used as a wound treatment and suggested to be effective in 
Methicillin‑resistant Staphylococcus aureus (MRSA) elimination. We sought to optimize the synthesis 
of MH microneedles (MHMs) while maintaining the MH therapeutic effects. MHMs were synthesized 
using multiple methods and evaluated with in vitro assays. MHMs demonstrated excellent bactericidal 
activity against MRSA at concentrations ≥ 10% of honey, with vacuum-prepared honey appearing 
to be the most bactericidal, killing bacterial concentrations as high as 8 × 107 CFU/mL. The wound-
healing assay demonstrated that, at concentrations of 0.1%, while the cooked honey had incomplete 
wound closure, the vacuum-treated honey trended towards faster wound closure. In this study, we 
demonstrate that the method of MHM synthesis is crucial to maintaining MH properties. We optimized 
the synthesis of MHMs and demonstrated their potential utility in the treatment of MRSA infections 
as well as in wound healing. This is the first report of using MH as a substrate for the formation of 
dissolvable microneedles. this data supports the need for further exploration of this new approach in 
a wound‑healing model and opens the door for the future use of MH as a component of microneedle 
scaffolds.

Surgical site infections (SSIs) have historically been associated with increased morbidity and mortality but remain 
an issue in modern day healthcare. As of 2017, the Centers for Disease Control and Prevention (CDC) estimated 
that SSIs occurred in at least 1.9% of all surgical patients; however, this number is most likely not representative of 
the total number of SSI cases since about 50% of SSIs occur after hospital  discharge1,2. MRSA is the most common 
cause of SSIs leading in an increased morbidity in patients and increased hospital  charges3,4. In a study evaluat-
ing the 90-day mortality rate in patients with SSI, it was discovered that patients with a methicillin-resistant 
Staphylococcus aureus (MRSA) SSI had a 3.40 times increased mortality rate (95% CI, 1.5–7.2) than patients 
infected with a methicillin-susceptible S. aureus  strain5. Given the health and economic burden attributable, 
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in particular, to SSIs caused by antimicrobial-resistant organisms such as MRSA, there is a critical need for the 
development of novel treatment options that can address resistant organisms.

Manuka honey comes from New Zealand and Australia. It is harvested by European honeybees (Apis mel-
lifera) that have pollinated and collected nectar primarily from the Manuka tree (Leptospermum scoparium). 
Honeys have natural antimicrobial, immuno-stimulant and wound healing properties due to a number of fac-
tors, including: providing a moist environment, high sugar concentration, low pH, antimyeloperoxidase activity, 
polyphenolic compounds, Bee defensing-1, hydrogen peroxide, enzymes, including invertase, amylase, glucose 
oxidase, catalase and methylglyoxal (MGO)6–11. MGO is one of the major antibacterial components in honey and, 
while MGO is present in most honeys in small quantities, it is present at the highest concentrations in Manuka 
honey, as it is derived from dihydroxyacetone which is found in high concentrations in the nectar of Manuka 
flowers. One of the reasons that Manuka honey is thought to be such a potent antimicrobial agent as compared 
to other honeys is because the main type of antibacterial activity in other honeys is peroxidase-based, which 
is thought to be neutralized by catalases present in blood, serum and wound tissues, whereas MGO remains 
 active10–12. Unique Manuka Factor (UMF) is the standardized terminology used to represent the concentration 
of MGO in the honey, with a minimum grade of 10 UMF typically considered to be “Active Manuka Honey”13,14. 
MGO has been shown to have non-peroxidase antibacterial activity with effectiveness against some  biofilms15. It 
is also noteworthy that there is currently no evidence of antibiotic resistance to Manuka  honey9. Manuka honey 
has been used in medicine for centuries and the first honey-based product for wound dressings was approved 
by the FDA in 2007 (MEDIHONEY, DermaSciences, Plainsboro, NJ, USA)16.

Microneedles are a growing tool in the medical community. They are minimally invasive devices that are able 
to penetrate the skin and assist in drug  delivery17,18. In dermatology they’ve also been shown to promote heal-
ing of scar  tissue19,20. They are intended to only penetrate to about 50–100 µm into the skin, and not stimulate 
the nerves, enabling them to be painless. While microneedles are more commonly made out silicon, metals, 
ceramics, or silica glass, those made of carbohydrates have several  advantages21. The drugs can be incorporated 
into the mixture before molding the microneedles, and the microneedles are able to dissolve into the skin after 
application. To our knowledge, although sugars are a common scaffold for microneedle synthesis, honey has not 
yet been explored as a microneedle building-block or significant component.

For this project, Manuka honey is used for the synthesis of Manuka honey microneedles (MHMs). In this set 
of experiments, we optimize a method by which to synthesize MHMs, and used a series of in vitro experiments 
to test and optimize the properties of the MHMs in order to maintain the Manuka honey’s wound-healing and 
bactericidal properties.

Methods
Manuka honey microneedle synthesis. Honey typically has a water concentration of about 17% 
(Fig. 1A) and goes through a number of phase transitions that are typically described in the making of candy 
(Fig. 1D). Because Manuka honey has various active enzymes and chemicals that we would like to preserve in the 
Manuka honey microneedles (MHMs), and high heat can have deleterious effects on these, we needed to char-
acterize the Manuka honey and derive the pressure that was required to sufficiently dehydrate the honey to form 
a “hard crack” (HC) stage candy within a microneedle mold. For these experiments, we utilized Manuka Honey 
Sterile gel (Medihoney, Derma Sciences, Plainsboro, NJ) and common table honey (clover-based). Medihoney 
has been reported to have an MGO concentration of about > 514 mg/kg (UMF > 15), while it is estimated that the 
common table honey has low to no detestable MGO (UMF < 5)14,15,22,23. The Medihoney is also gamma irradiated 
prior to packaging in order to eliminate any pathogens, such as Clostridium botulinum spores.

In order to characterize the percent water composition of the honey, equal volumes of both common table 
honey and Manuka honey were exposed to 80 °C and weighed every minute until they reached the HC phase (i.e. 
the phase at which we assume all the moisture content is gone). Achievement of the HC phase was determined 
by placing the honey in cool water and then applying pressure to the honey, demonstrating hardness, lack of 
deformability, and a “crack” when enough pressure was applied. This information was then used to calculate the 
pressure that the honey would need to be exposed to at various temperatures in order to achieve HC.

Through the use of the Clausius–clapeyron equation, we can estimate that the approximate pressure that 
would be necessary to boil water at 40 °C would be around 10% of atmospheric pressure.

Clausius-clapeyron Eqn:

Solving for  P2 which represents the final pressure.

The moles of water and sugar are then used to calculate the molar fraction of water in the honey.

This molar fraction of water is then applied to Raoult’s law in order to calculate the pressure required to reach 
the boiling point of the honey.
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From this equation we can deduce that, as the concentration of water in honey decreases through boiling, the 
pressure that the honey is under will also have to decrease to be low enough for it to continue boiling. This gave 
values that are meant to outline what pressures the water will begin to boil at for our dehydration; this isn’t neces-
sarily the limit of what we need, but the starting pressure. We use this approach to estimate the temperature and 
pressure combinations that would be required to produce HC MHMs. For the initial pressure and temperature 
variation experiments, we used a TECA hotplate and a desiccator with a RS1.5 4CFM vacuum pump (Emerald 
Gold). Once the protocol was optimized, we used a NAPCO Vacuum oven (Model 5831) with manually-set 
temperature and pressure settings.

We then used the resulting information to create MHMs using both, custom and commercially-available 
microneedle molds. In order to make the in-house microneedle molds, AutoCad (Autodesk, San Rafael, CA) 
was used to create a microneedle match 3D model and the negative mold was derived from the positive mold 
(Fig. 2A). The positive mold was printed in acrylonitrile butadiene styrene (ABS), using a Stratasys uPrint 
3D printer (Prairie, MN). This was then used to make a negative mold out of silicon. This negative mold was 
the one used in experiments for the testing and optimization of the temperature and pressure combinations 
for transforming the honey into the HC phase within a mold. Once this was optimized, we tested this pro-
tocol using smaller molds made of polydimethylsiloxane-diacrylamide (PDMS, Sylgard™ Silicone Elastomer 
Kit, DOW Corning, Midland, MI) (Fig. 2B). The PDMS allowed for the creation of smaller features and easy 
removal of the MHMs from the negative mold. For the PDMS molds, we created one in-house negative mold 
using a commercially-available microneedle patch as the positive mold (Hyaluronic Acid Micro Needle Patch, 
WELLAGE) and we also purchased a microneedle negative PDMS mold, 11 × 11 array with 600 um height, 300 
um base diameter, and 5 um tip radius from Blueacre Technology (Co Louth, Ireland). The final conditions for 
the cooked- and vacuum-prepared conditions were 165 °C at 1 atm, and 40 °C at 0.16 atm for 20 h, respectively.

Bacterial killing assay. For the bacterial killing assay, 10% and 1% of honey solutions were incubated with 
methicillin-resistant S. aureus (MRSA) (supplied by the Division of Comparative Medicine, MIT) to assess for 
bacterial killing efficacy (Fig. 3A). Briefly, MRSA was cultured in Trypsin Soy Broth (TSB) overnight to reach 
optimal growth phase. The MRSA broth was diluted with TSB until an O.D. of 0.76 in order to make the stock 
solution of the bacteria (~ 8 × 108 CFU/mL). Serial dilutions of the bacterial stock were made in various culture 
broth conditions: TSB (negative control), 1% vacuum, cooked, and raw honey, 10% vacuum, cooked, and raw 
honey, and 50% raw honey (positive control). Earlier experiments demonstrated that honey did not have a 
bactericidal effect when immediately plated and cultured; indicating that honey requires some co-incubation 
with the bacteria and kills in a time and concentration-dependent manner. For this set of experiments, 80 µL of 
each condition was plated in a 96-well plate and incubated overnight at 37 °C and one aliquot is directly plated 

(4)PHoney,Boiling = XH2O × POH2O,Boiling

Figure 1.  Characterization of Manuka honey. (A) A pie chart demonstrating the previously-reported general 
composition of  honey28,29. (B) This graph represents the dehydration kinetics of common table honey and 
Manuka honey over 10 min at 80 °C. (C) This simulation demonstrates the relationship between temperature 
and pressure to achieve the various stages of honey dehydration. (D) Table containing selected temperature and 
pressure conditions, demonstrating the relationship and conditions required to achieve the various dehydration 
states of honey.
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Figure 2.  Manuka honey microneedle (MHM) synthesis. (A) Autocad rendering of the microneedle molds 
(i–ii) with their respective 3D-printed (iii) and elastomer negative mold (iv). The vacuum oven (v) used to make 
the honey microneedles (vi) is also shown. These molds, although functional, resulted in uneven dehydration 
rates and assymetrical microneedles. (B) PDMS was later used as a mold, which allowed for fine feature 
formation and ease of honey removal (i–ii). Microneedle molds were made from two commercially-available 
microneedle patches using PDMS, and both resulted in fine and even microneedles (iii–vi).

Figure 3.  Antibacterial effects of Manuka honey. (A) Flow diagram of the experimental set-up for the 
co-culture of MRSA bacteria and Manuka honey preparations. First the bacteria and honey conditions are 
mixed and serial dilutions are made. One aliquot of these dilutions are plated to verify growth and purity of the 
bacterial culture and the other aliquot is seeded in a 96-well plate for overnight culture. The following day, these 
are plated and cultured overnight. (B) Representative photographs of a > 10% Manuka honey positive control on 
the left and a negative control, TSB only, on the right. As expected, there is no growth in the honey conditions 
but there is copious growth in the negative control. (C) A bacterial killing curve was graphed based on the 
24-h colony counts of various concentrations of Manuka honey and MRSA. (D) Table of the colony counts for 
each condition in triplicate demonstrating bactericidal properties of Manuka honey at 10% but not at 1%. "+" 
represents bacterial growth and "−" represents no bacterial growth. Single “ + ” and “–” represents consistent 
results between replicates, while “ + ” and “–” separated by “/” indicates variable results between replicates.
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on blood agar and incubated overnight to verify culture purity. The following day, each condition was plated 
onto a blood agar culture dish, using 10 µL spots in triplicate, incubated at 37 °C for 24 h and then plates were 
imaged and assessed for bacterial growth (Fig. 3B). These experiments were run in triplicate. One of the raw 
honey conditions had a fungal contaminant, therefore only duplicate of this condition was evaluated. The goal of 
this experimental design was to explore the maximum bacterial burden (concentration) that the specific honey 
preparation could maintain adequate antibacterial properties against. The purpose of this is to mimic various 
wound environments that may have bacterial concentrations ranging from “contaminated” (< 104 CFU/mL) to 
“infected” (> 105 CFU/mL)24–26. Although various concentrations of bacteria were explored, only 10% and 1% 
honey concentrations were evaluated in this set of experiments, limiting the ability to experimentally determine 
the minimum inhibitory concentration (MIC) of the honey preparations.

Wound healing assay. For the wound healing assay, human dermal fibroblasts were cultured with 0.1% of 
raw, cooked, and vacuum-prepared honey to assess their effect on wound closure. Two wound closure models 
were used: scratch and insert model. Briefly, normal human dermal fibroblasts (ATCC, PCS-201-012), were 
cultured overnight in fibroblast basal medium (ATCC, PCS-201-030) with low serum (ATCC, PCS-201-041). 
The media was removed, and trypsin was used to detach the cells from the culture flask. The cells were then 
centrifuged at 1,200 rpm for 2 min and the supernatant was discarded. A cell suspension of 7 × 105 cells/mL was 
prepared. A black line was drawn on the bottom of a 12-well plate to allow for location identification during 
subsequent image analysis. For the insert assay, a 2-well insert (ibidi, Madison, WI) was placed on the bottom of 
the well. 70 µL of the suspension was added to each well, along with the insert. The cells were incubated for 36 
to 48 h to become confluent and then the 2-well insert was removed from the insert well. For the scratch assay, 
2 × 105 cells/ml was prepared and 1 mL of cells per well was plated in 24 well plates and incubated for 36 to 48 h 
to become confluent. Then, a 200 μl pipette tip was used to create scratch. For both the insert and scratch assay, 
the media is then removed from each well and washed twice with growth media to remove the detached cells. 
Then 1 mL of the growth media with 0.1% of raw, cooked, and vacuum-prepared honey was added. Pictures were 
taken at time 0, 4, 8, and 24 h (6 h for the insert condition). Each experiment was done in triplicate. For the image 
analysis, Image J was used to create thresholded, black and white images. These were then used to calculate the 
percent of white and black space (representing the cell migration) in the images (Fig. 4).

Statistical analysis. Statistical analysis and graphs of the various experiments presented in this study was 
performed using Microsoft Excel. Descriptive statistics performed included calculating of the means, standard 
deviation, standard error, percent change from baseline. These various parameters were then analyzed with a 
paired t-test with a p-value of 0.05 being considered significant.

Figure 4.  Wound-healing assay image analysis. Representative bright field microscopy images (10x) of a single 
set of insert wound healing experiments. The top two rows are the negative control condition and the bottom 
two rows are the cooked condition. The second and fourth row are the corresponding thresholded images that 
were used for the image analysis, where the percent wound closure was calculated based on the change in black-
to-white ratio in the image. Bottom black line in each image is the black marker used for orientation and image 
analysis. The red squares on the left are representative areas that were included in the image analysis. The black 
marker line area was not included so as to not skew the results.
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Results
Manuka honey microneedle synthesis. While boiling (cooking) the honey will decrease the water con-
tent sufficiently to reduce it to a HC state, we also explored the use of other synthesis methods, such as dehydra-
tion (vacuum), in order to avoid the degradation or inactivation of bioactive molecules within the honey that 
may be heat-sensitive. Manuka honey is a thixotropic  substance27. This means that it is a non-Newtonian fluid 
that has a lower viscosity when disturbed, undergoing shearing stresses. Honey is typically transitioned from 
a liquid form into a solid form through the application of high heat. While there are many ways to transform 
honey into hard microneedles, we tested two synthesis methods: cooking and vacuuming. While evaluating 
these methods, we make the assumption that the thixotropic properties of the honey aren’t significant when in 
low enough quantities and its behavior can still be approximated by more Newtonian mechanics. First, the boil-
ing point of water under different pressures is calculated in order to approximate the changes an increased sugar 
concentration would result in. Next, the concentration of water in honey, both table and Manuka, was calculated 
to be approximately 17% and both of the honey’s appeared to dehydrate at the same rate (Fig. 1B). This experi-
ment was necessary for being able to approximate the impact of increased sugar concentrations on the boiling 
point of the honey. By assuming that the behavior of the honey is similar enough to a Newtonian fluid when in 
small enough quantities, Raoult’s law (Eq. 4) can be applied to make an approximation for how much pressure 
the honey can have and dehydrate to various states (Fig. 1C,D).

For example, in order to calculate the mole fraction of water in honey, we use total moles of sugar, based on 
the previously-reported basic composition of honey (Fig. 1A), 23.957 mol sugar. And the total moles of water in 
the honey is 55.56 mol  water28,29. Therefore:

This molar fraction of water is then applied to Raoult’s law in order to calculate the pressure required to reach 
the boiling point of the honey.

Therefore, the pressure at which honey boils at room temperature (25 °C) is 15.4 torr (0.023 atm). After 
assessing the various temperature and pressure combinations experimentally, we used a temperature of 40 °C 
and a pressure of 121.6 torr (0.16 atm) over 20 h to produce the vacuum-prepared MHMs. The cooked MHMs 
were prepared using a temperature of 165 °C and a pressure of 760 torr (1.00 atm). We were able to successfully 
synthesize MHMs from various negative molds using these conditions (Fig. 2).

Bacterial killing assay. The effect of various conditions of MHMs were assessed in a bacterial killing assay. 
After 24 h of MRSA and MHM co-incubation, it was found that the various preparations of the MHMs had an 
effect on the bacterial-killing capabilities of the honey. A raw honey bacterial killing curve was first evaluated 
(Fig. 3C), where multiple concentrations of raw Manuka honey were co-incubated with MRSA bacteria and 
then colonies were counted after a second 24-h incubation. Based on best-fit line equation, we expect for 10% 
and 1% raw Manuka honey to start having bacterial-killing abilities at about 6 × 106 CFU/mL and 6.1 × 102 CFU/
mL, respectively. The positive control for the experiments was 50% raw Manuka honey, which killed all bacteria 
after a 24-h incubation period. The experimental results of MRSA assay shows that all 10% honey preparations 
start killing bacteria at about 8 × 104 CFU/mL, with the vacuumed honey having variable killing results up to 
8 × 107 CFU/mL, as depicted by inconsistent killing results in the replicates as indicated by the “ + ” (growth) and 
“−” (no growth) symbols (Fig. 3D). These results suggest that at least a 10% honey concentration is needed for 
bactericidal effects on MRSA, there is an initial bacterial-concentration-relationship, and the vacuumed honey 
may have more potent bactericidal effects than the raw and cooked honey preparations. These results also sug-
gest that local administration of a minimum of 10% concentration MHM would have sufficient antibacterial 
properties for an “infected” wound, which is estimated to have a bacterial concentration of ≥ 1 × 104 CFU/mL 
(most commonly > 1 × 105–1 × 106 CFU/mL). 24.

Wound healing assay. The effects of various preparations of MHMs on two wound healing assays, scratch 
and insert assays, was assessed. Earlier experiments confirm that high concentrations of honey, > 1%, appears to 
be cytotoxic, while concentrations ≤ 0.1% appear to be safe. This is consistent with previous literature; therefore, 
0.1% honey concentration was used for this set of  experiments30. Two assays were performed in order to assess 
the differences, if any, in the effects of the honey preparation on in vitro wound healing models with different 
cellular behaviors. In the scratch assay, cell-injury markers are released as a results of the physical scraping and 
cell damage of the pipette tip; while in the insert assay, a simple cell migration model without the cell injury 
markers is evaluated. Both the insert and scratch assay model demonstrated significantly reduced wound-gap 
closure in the cooked honey condition based on analysis of the gap-closure status at the 24-h end point (Figs. 5 
& 6). In the scratch assay, the vacuum-prepared honey appears to show a trend towards faster wound gap closure 
than even the raw honey condition. These results demonstrate that the preparation of honey does have an effect 
on the wound-healing properties of the honey and that the cooked honey can denature the beneficial proteins 
and materials in the honey and be detrimental to wound healing. We also observed that there appeared to be 
different cell migration trends, such as a decrease in cell migration at time point 8 h in the raw and vacuumed 
conditions of the insert assay, despite potentially reaching the same final 24-h endpoint closure (Fig. 5A). This 
may indicate differences in cell activation and signaling pathways in the honey-treated cells as compared to the 
control cells. 

(5)XH2O =
55.56

23.957+ 55.56

(6)PHoney,Boiling = 0.7× 22torr
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Discussion. In this paper, we present a set of in vitro studies optimizing the synthesis of microneedles made 
from Manuka honey (MHMs) while maintaining their antibacterial and wound-healing properties. Manuka 
honey has traditionally been used as a holistic treatment for everything from topical wounds, sore throats, and 
as an adjunct to cancer  treatment8,11,31,32. Although once considered “alternative”, the many unique medicinal 

Figure 5.  Effect of Manuka honey on wound healing. Analysis of the insert and scratch wound-healing assays 
are shown here. A line graph showing the mean with the standard deviation for each condition demonstrates 
that the cooked condition has significantly less closure than the raw and vacuumed conditions (A, B). Bar 
graphs of the percent change in wound closure, normalized to time 0 h, confirms this significant difference 
between the cooked honey and the raw and vacuumed honey (C, D). In the scratch assay, the vacuumed honey 
appears to trend towards even faster healing than the control or the other honey conditions.

Figure 6.  Wound healing statistical analysis. Paired t tests for each honey condition at each time point for both 
the insert (A) and scratch (B) wound-healing assays was calculated. Values in red have a p value ≤ 0.05 and are 
considered statistically significant.
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properties of Manuka honey have captured the attention of modern  medicine8,33. The particular use of honey in 
the treatment of infected and non-healing wounds is particularly interesting; especially when honey resistance 
training studies demonstrate that, at certain concentrations, bacteria do not develop resistance and are incapable 
of  proliferating9.

Manuka honey is a thixotropic material and is amongst the highest viscosity amongst a range of  honeys27,34–37. 
The process of dehydrating honey is usually done with high heat, which likely results in damage to the honey’s 
valuable chemicals and  enzymes38,39. Dehydration of the honey to a supersaturated sugar solution at hard crack 
(HC) phase (≤ 1% moisture content) is essential in the synthesis of microneedle patches, which will require the 
tensile strength required to penetrate skin (or other tissues); the HC state’s key characteristics are brittleness and 
rigidity. At this stage the honey’s stickiness is at a minimum and it’s easier to apply or use as a solid object for 
tissue penetration. The task of dehydrating honey is analogous to candy making. In order to reduce the amount 
of heat required to dehydrate the honey, we calculated and optimized a protocol for moisture content reduc-
tion that utilizes low temperature and low pressure (vacuum). Although the vacuum method was successful in 
bringing the honey to HC, a series of experiments were performed to verify that the most desired properties of 
the honey were not affected.

Due to the complex, and valuable, chemical and enzymatic composition of honey, we evaluated various 
preparation methods for the synthesis of MHMs and tested their respective in vitro effects on MRSA bacteria 
and wound-healing models. In this study, we identified that the preparation of the honey has a significant effect 
on the biologic properties; with high temperatures reducing the antibacterial and wound-healing properties 
of the honey. This is not surprising, as one of the main components of honey is Sucrose, which is composed of 
Carbon, Hydrogen and Oxygen. Upon heating, starting at 85 °C, the sugar breaks down to form carbon dioxide 
and water. At 110 °C the sucrose breaks down to glucose and fructose and as water is lost oxidation and degrada-
tion  occurs40,41. By the hard crack (HC) stage, the solution is supersaturated and solidifies at room temperature. 
During the heating process, a Maillard reaction occurs due to the acidic pH (~ 4), which results in browning. 
Heating can also result in the formation of hydroxymethylfurfural (HMF), which has been shown to have poten-
tial cytotoxic and mutagenic properties at high  concentrations41–43.

It is not surprising that different concentrations of honey were necessary to achieve the optimal efficacy of 
wound healing and bacterial killing. The concentrations identified in this set of experiments is consistent with 
the previous  literature44–46. However, one should not assume that the in vitro concentration directly translates 
to the in vivo application of the MHMs. There are many things to take into account, including the rate of honey 
absorption into the surrounding tissues as well as the interaction with the immune system and local environ-
ment. One example of this is the 100% pure Manuka honey applied to various wounds, demonstrating enhanced 
wound healing, no cytotoxicity and progression of the lesion. In the continued development and optimization of 
MHMs, there may in fact be many formulations that are developed and which are optimal for different use cases, 
such as a high concentration honey for a contaminated or infected wound versus a low concentration honey for 
a clean  wound47–49. It is also important to note that this preparation method is not limited to Manuka honey, as 
this low-temperature dehydration protocol would enable the production of microneedles from various types of 
honey. In addition to Manuka honey, other honeys have been shown to exhibit antimicrobial potential, includ-
ing honeys from South Africa, Cameroon and Saudi Arabia (not an all-inclusive list), which are likely also have 
heat-sensitive antimicrobial  activity50–55.

Additionally, with the optimization of the MHM conditions, low pressure and low temperature, other scaf-
folding materials or additives can be included in the formulation, allowing honey to be a new sugar-base for 
microneedle  synthesis56,57. Future versions of the MHMs can be customized and include other substances or 
drugs, such as specific antibiotics or aloe vera, for synergistic  effects58,59. For example, Manuka honey has been 
shown to act synergistically with phage  therapy60,61. MHM-drug combinations may serve as new treatment 
modalities for conditions such as granulomatous TB, where the honey can be combined with phage therapy 
and be delivered directly into the site of infection/granuloma. This same approach could be used for cancer 
therapeutics and local administration of honey and other drugs to solid  tumors62–64. The immunomodulatory 
properties of the honey could also stimulate a “cold” tumor to switch to “hot”. In fact, Manuka honey has been 
shown to stabilize proteins, which may put MHMs in a unique position to serve as a good drug delivery sub-
strate, or even vaccine delivery—both preserving the protein to be delivered, while stimulating a local immune 
reaction or even serving as a natural adjuvant, promoting rapid healing of the microneedle injection site and 
help preventing bacterial infection of the injection  site65,66. Such a delivery mechanism can also open the door 
to new ways of mucosal delivery of therapeutics or vaccines.

Study limitations
In this study of the development of MHMs, although many interesting questions have been answered, many 
follow. It will be essential to follow-up with a thorough evaluation of the chemical composition and enzymatic 
activity of the honey after it is subject to the various preparation conditions, as this will enable a more in-depth 
understanding of the behavior of the MHMs in vitro and in vivo. In this study, only the bactericidal effects of the 
honey over 24 h were evaluated. In future studies, this bacterial-honey interaction should be further parsed, and 
the bactericidal versus bacteriostatic effects should be studied and the MIC of the MHMs should be  determined67. 
Similarly, the wound-healing experiments were only of dermal fibroblasts, and other cell types should be studied 
as well as the migration along with the presence of an infection. Additionally, one of the most important property 
of microneedles is tensile strength and dissolution kinetics when punctured through the skin (or any other tissue 
it is applied to). Future studies should characterize the physical properties of these MHMs and in vivo testing 
should be performed to assess the effect of the combination of micro-needling and Manuka honey.
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It is important to note that honey is a complex solution with hundreds to thousands of chemicals and com-
pounds that interact with the local tissue and cells in a variety of ways. The honey likely interacts with the local 
cells, stimulates them through various signaling mechanisms, and then these cells further signal to other local 
and migrating cells. For example, when honey is applied to a wound bed, such as an ulcer or non-healing wound, 
some of its’ observed functions include: autolytic debridement, wound healing, inflammatory modulation and 
bacterial  killing12,68,69. How all of these functions are achieved with the application of high concentrations of 
honey, > 50%, when it is observed in vitro that > 1% of honey is cytotoxic, supports the idea that we do not fully 
understand all of the mechanisms and chemicals within this “neutraceutical”. We suspect that how the honey 
interacts with the local cells will also be highly dependent on the rate of diffusion of the honey into the tissue 
from the MHMs, as natural clearance of the honey will also expose the tissue to a concentration gradient over 
time, resulting in various simultaneous physiological effects. Additionally, the active chemical compounds present 
within the honey likely also dictate the functional effects of application onto various biological  environment70. We 
must also take into consideration the combinatorial, and potentially synergistic, effects on cell signaling and 
response when stimulated by both the honey and the physical act of microneedling, which has been shown to 
promote wound healing and reduce scar formation. 

conclusions. This study was done in order to optimize Manuka honey microneedle synthesis, while main-
taining the Manuka honey’s natural antibacterial and wound-healing properties. Through a series of calculations 
and characterizations, we have developed a protocol for the conversion of Manuka honey from a thixitropic 
liquid to a supersaturated sugar solution with < 1% moisture content; allowing for the molding of the honey into 
hard crack microneedles. By using a low pressure and temperature approach, we also demonstrate the retained 
biologic activity of the honey and the detrimental effect of high heat on the honey. Based on these results, the 
next set of experiments should include, both, physical characterization of the microneedles, as well as testing in 
in vivo models. Using this new honey-based microneedle synthesis approach, honey can now be used as a pri-
mary or adjunct scaffolding component within microneedles, and can even be combined with other substances 
for additive effects. Using this new honey-delivery approach, Manuka honey may now be studied in the context 
of the treatment of bacterial infections on or below the skin barrier.

Received: 1 June 2020; Accepted: 24 July 2020

References
 1. Anderson, D. J. Surgical Site Infections. Infect. Dis. Clin. North Am. 25(1), 135–153 (2011).
 2. McKibben, L., Horan T., Tokars J. I., et al. Guidance on public reporting of healthcare-associated infections: recommendations of 

the healthcare infection control practices advisory committee Am. J. Infect. Control 33(4), 217–226 (2005).
 3. Petty, C. A., Sanders, L. L., Trivette, S. L., et al. Postoperative bacteremia secondary to surgical site infection. Clin. Infect. Dis. 34(3),  

305–308 (2002).
 4. National Nosocomial Infections Surveillance (NNIS) Report, Data Summary from October 1986 - April 1996, Issued May 1996. A 

report from the National Nosocomial Infections Surveillance (NNIS) System. https ://www.fda.gov/downl oads/Advis oryCo mmitt 
ees/Commi ttees Meeti ngMat erial s/Medic alDev ices/Medic alDev icesA dviso ryCom mitte e/Gener aland Plast icSur geryD evice sPane l/
UCM52 2960.pdf

 5. Engemann, J. J., Carmeli, Y., Cosgrove, S. E., et al. Adverse clinical and economic outcomes attributable to methicillin resistance 
among patients with Staphylococcus aureus surgical site infection. Clin. Infect. Dis. 36(5), 592–598 (2003).

 6. Rutan, R. General and Plastic Surgery Panel of the Medical Device Advisory Committee on Classification of Devices. (2016).
 7. Kwakman, P. H. et al. Hoe honey kills bacteria. FASEB 24(7), 2576–2582 (2010).
 8. Carter, D. A. et al. Therapeutic Manuka honey: no longer so alternative. Front. Microbiol. https ://doi.org/10.3389/fmicb .2016.00569  

(2016).
 9. Cooper, R. A. et al. Absence of bacterial resistance to medical-grade honey. Eur. J. Clin. Microbiol. Infect. Dis. 29(10), 1237–1241 

(2010).
 10. Nolan, V. C., Harrison, J. & Cox, J. A. G. Dissecting the antimicrobial composition of honey. Antibiotics (Basel) 8(4), 251 (2019).
 11. Alvarez-Suarez, J., Gasparrini, M., Forbes-Hernandez, T., Mazzoni, L. et al. The composition and biological activity of honey: a 

focus on manuka honey. Foods 3(3), 420–432 (2014)
 12. Molan, P. & Rhodes, T. Honey: a biological wound dressing. Wounds 27(6), 141–151 (2015).
 13. Girma, A., Seo, W. & She, R. C. Antibacterial activity of varying UMF-graded Manuka honeys. PLoS ONE 14(10), e0224495 (2019).
 14. Cokcetin, N. N. et al. The antibacterial activity of Australian Leptopermum Honey correlates with methylglyoxyl levels. PLoS ONE 

https ://doi.org/10.1371/journ al.pone.01677 80 (2016).
 15. Lu, J. et al. Honey can inhibit and eliminate biofilms produced by Pseudomonas aeruginosa. Sci. Rep. 9, e18160 (2019).
 16. FDA. 510(k) Summary for Derma Sciences Medihoney Primary Dressings with Active Manuka Honey. https ://www.acces sdata 

.fda.gov/cdrh_docs/pdf7/K0729 56.pdf (2007).
 17. Chen, M. C. et al. Chitosan microneedle patches for sustained transdermal delivery of macromolecules. Biomacromol 13(12), 

4022–4031 (2012).
 18. Gamazo, C. et al. Understanding the bases of transcutaneous vaccine delivery. Ther. Deliv. 10(1), 63–80 (2019).
 19. Biesman, B. S. et al. Treatment of atrophic facial acne scars with microneedling followed by polymethylmethacrylate-collagen gel 

dermal filler. Dermatol. Surg. https ://doi.org/10.1097/DSS.00000 00000 00187 2 (2019).
 20. Ibrahim, Z. A., El-Ashmawy, A. A. & Shora, O. A. Therapeutic effect of microneedling and autologous platelet-rich plasma in the 

treatment of atrophic scars: a randomized study. J. Cosmet. Dermatol. 16(3), 388–399 (2017).
 21. Park, J. H., Allen, M. G. & Prausnitz, M. R. Polymer microneedles for controlled-release drug delivery. Pharm. Res. 23(5), 1008–

1019 (2006).
 22. Muller, P. et al. Synergism between Medihoney and rifampicin against methicillin-resistant Stphaylococcus aureus (MRSA). PLoS 

ONE 8(2), e57679 (2013).
 23. Lu, J., Carter, D. A., Turnbull, L., et al. The effect of New Zealand Kanuka, Manuka and Clover honeys on bacterial growth dynamics 

and cellular morphology varies according to the species. PLoS One (2013)
 24. Bowler, P. G., Duerden, B. I. & Armstrong, D. G. Wound microbiology and associated approaches to wound management. Clin. 

Microbiol. Rev. 14(2), 244–269 (2001).

https://www.fda.gov/downloads/AdvisoryCommittees/CommitteesMeetingMaterials/MedicalDevices/MedicalDevicesAdvisoryCommittee/GeneralandPlasticSurgeryDevicesPanel/UCM522960.pdf
https://www.fda.gov/downloads/AdvisoryCommittees/CommitteesMeetingMaterials/MedicalDevices/MedicalDevicesAdvisoryCommittee/GeneralandPlasticSurgeryDevicesPanel/UCM522960.pdf
https://www.fda.gov/downloads/AdvisoryCommittees/CommitteesMeetingMaterials/MedicalDevices/MedicalDevicesAdvisoryCommittee/GeneralandPlasticSurgeryDevicesPanel/UCM522960.pdf
https://doi.org/10.3389/fmicb.2016.00569
https://doi.org/10.1371/journal.pone.0167780
https://www.accessdata.fda.gov/cdrh_docs/pdf7/K072956.pdf
https://www.accessdata.fda.gov/cdrh_docs/pdf7/K072956.pdf
https://doi.org/10.1097/DSS.0000000000001872


10

Vol:.(1234567890)

Scientific RepoRtS |        (2020) 10:13229  | https://doi.org/10.1038/s41598-020-70186-9

www.nature.com/scientificreports/

 25. Turtiainen, J. et al. The impact of surgical wound bacterial colonization on the incidence of surgical site infection after lower limb 
vascular surgery: a prospective observational study. Eur. J. Vasc. Endovasc. Surg. 47(4), 411–417 (2014).

 26. Schaudinn, C. et al. Development, standardization and testing of a bacterial wound infection model based on ex vivo human skin. 
PLoS ONE https ://doi.org/10.1371/journ al.pone.01869 46 (2017).

 27. Fauzi, N. A. & Farid, M. M. High-pressure processing of Manuka Honey: improvement of antioxidant activity, preservation of 
colour and flow behavior. Food Bioprocess. Technol. 7, 2299–2307 (2014).

 28. Albaridi, N. A. Antibacterial potency of honey. Int. J. Microbiol. 2019, 2464507 (2019).
 29. Sikorski, Z. E. Chemical and Functional Properties of Food Components 3rd edn. (CRC Press, Boca Raton, FL, 2007).
 30. Sell, S. A. et al. A preliminary study on the potential of Manuka Honey and platelet-rich plasma in wound healing. Int. J. Biomater. 

2012, 313781 (2012).
 31. Ahmed, S., Sulaiman, S. A. & Othman, N. H. Oral administration of Tualang and Manuka honey modulates breast cancer progres-

sion in Sprague-Dawley rats model. Evid. Complement. Altern. Med. https ://doi.org/10.1155/2017/59043 61 (2017).
 32. Viuda-Martos, M. et al. Functional properties of honey, propolis and royal jelly. J. Food Sci. 73(9), R117-124 (2008).
 33. Minden-Birkenmaier, B. A. & Bowlin, G. L. Honey-based templates in wound healing and tissue engineering. Bioengineering 

(Basel) 5(2), E46 (2018).
 34. Bakier S. Chapter: Rheological properties of honey in a liquid and crystallized state. In Honey analysis. 2017. https ://doi.

org/10.5772/67035 .
 35. Moniruzzaman, M. et al. Evaluation of physicochemical and antioxidant properties of sourwood and other Malaysian honeys: a 

comparison with Manuka honey. Chem. Cent. J. 7, 138 (2013).
 36. Travnicek, P. & Pridal, A. Thixotropic behavior of honey from Eucalyptus spp. J. Food Process. Preserv. https ://doi.org/10.1111/

jfpp.13094  (2016).
 37. White, J. W. Honey. Adv. Food Res. 24(24), 287–374 (1978).
 38. Chen, C. et al. The effect of standard heat and filtration processing procedures on antimicrobial activity and hydrogen peroxide 

levels in honey. Front. Microbiol https ://doi.org/10.3389/fmic.2012.00265  (2012).
 39. Singh, I. & Singh, S. Honey moisture reduction and its quality. J. Food Sci. Technol. 55(10), 3861–3871 (2018).
 40. da Silva, P. M. et al. Honey: chemical composition, stability and authenticity. Food Chem. 196, 309–323 (2016).
 41. Janini T. Chemistry of honey. (The Ohio State University, 2014).
 42. Janzowski, C. et al. 5-Hydroxymethylfurfural: assessment of mutagenicity, DNA-damaging potential and reactivity towards cellular 

glutathione. Food Chem. Toxicol. 38(9), 810–819 (2000).
 43. Severin, I. et al. Genotoxic activities of the food contaminant 5-hydroxymethylfurfural using different in vitro bioassays. Toxicol. 

Lett. 192(2), 189–194 (2010).
 44. Ranzato, E., Martinotti, S. & Burlando, B. Honey exposure stimulates wound repair of human dermal fibroblasts. Burns Trauma 

1(1), 32–38 (2013).
 45. Maddocks, S. E. et al. Manuka honey inhibits the development of Streptococcus pyogenes biofilms and causes reduced expression 

of two fibronectin binding proteins. Microbiology 158(Pt 3), 781–790 (2012).
 46. Jenkins, R., Burton, N. & Cooper, R. Manuka honey inhibits cell division in methicillin-resistant Staphylococcus aureus. J. Anti-

microb. Chemother. 66(11), 2536–2542 (2011).
 47. Hixon, K. R. et al. Investingating Manuke honey antibacterial properties when incorporated into cryogel, hydrogel, and electrospun 

tissue engineering scaffolds. Gels 5(2), E21 (2019).
 48. Hilliard, G. et al. Preliminary investigation of honey-doped electrospun scaffolds to delay wound closures. J. Biomed. Mater. Res. 

B Biomater. https ://doi.org/10.1002/jbm.b.34351  (2019).
 49. Negut, I., Grumezczscu, V. & Grumezescu, A. M. Treatment strategies for infected wounds. Molecules 23(9), E2392 (2018).
 50. Mandal, M. D. & Mandal, S. Honey: its medicinal property and antibacterial activity. Asian Pac. J. Trop. Biomed. 1(2), 154–160 

(2011).
 51. Basson, N. J. & Grobler, S. R. Antimocrobial activity of two South African honeys produced from indigenous Leucospermum 

Cordifolium and Erica species on selected micro-organisms. BMC Complement. Altern. Med. 8, 41 (2008).
 52. Boateng, J. & Diunase, K. N. Comparing the antibacterial and functional properties of Cameroonian and Manuka honeys for 

potential wound healing-have we come full cycle in dealing with antibiotic resistance?. Molecules 20(9), 16068–16084 (2015).
 53. Owayss, A. A. et al. In vitro antimicrobial activities of Saudi honeys originating from Ziziphus spina-christi L. and Acacia gerrardii 

Benth trees. Food Sci Nutr 8(1), 390–401 (2020).
 54. Robinson, V. & Patrick, K. B. Effect of heat on antibacterial activity of honey in bacterial isolates. Eur. J. Pharm. Med. Res. 6(11), 

463–467 (2019).
 55. Al-Waili, N. S. Investigating the antimicrobial activity of natural honey and its effects on the pathogenic bacterial infections of 

surgical wounds and conjunctiva. J. Med. Food https ://doi.org/10.1089/10966 20041 22413 9 (2004).
 56. Neres Santos, A. M. et al. Physically cross-linked gels of PVA with natural polymers as matrices for Manuka honey release in 

wound-care applications. Materials (Basel) 12(4), E559 (2019).
 57. Wang, M., Hu, L. & Xu, C. Recent advances in the design of polymeric microneedles for transdermal drug delivery and biosensing. 

Lab on Chip 17(8), 1373–1387 (2017).
 58. Liu, M. Y. et al. Rifampin-manuka honey combinations are superior to other antibiotic-manuka honey combinations in eradicating 

Staphylococcus aureus biofilms. Front. Microbiol. 8, 2653 (2018).
 59. Sing, S., Gupta, A. & Gupta, B. Scar free healing mediated by the release of aloe very and Manuka honey from dextran bionano-

composite wound dressings. Int. J. Biol. Macromol. 120(Pt B), 1581–1590 (2018).
 60. Oliveira, A. et al. Synergistic antimicrobial interaction between honey and phage against Escherichia coli biofilms. Front. Microbiol. 

8, 2407 (2017).
 61. Oliveira, A. et al. Chestnut honey and bacteriophage application to control Psuodomonas Aeruginosa and Escherichia coli biofilms: 

evaluation in an ex vivo wound model. Front. Microbiol. 9, 1725 (2018).
 62. Ahmed, S., Othman, N. H. Honey as a potential natural anticancer agent: a review of its mechanisms. Evid. Complement. Altern. 

Med., 829070. (2013)
 63. Fernandez-Cabezudo, M. J. et al. Intravenous administration of Manuka Honey inhibits tumor growth and improves host survival 

when used in combination with chemotherapy in a melanoma mouse model. PLoS ONE 8(2), e55993 (2013).
 64. Al Rafaey, H. R. & Sultan, A. S. Abstract 3553: Manuka Honey induced apoptosis in hepatocellular carcinoma through inhibition 

of Wnt/b-catenin and ERK1/2. Can. Res. https ://doi.org/10.1158/1538-7445.AM201 8-3553 (2018).
 65. Wong, Y. H., Kadir, H. A. & Tayyab, S. Honey-induced protein stabilization as studied by fluorescein isothiocyanate fluorescence. 

Sci. World J. 2013, 981902 (2013).
 66. Wong, Y. H., Kadir, H. A. & Tayyab, S. A comparative analysis of protein stabilizing potential of honey and simulated honey sugar 

cocktail. Protein Pept. Lett. 23(10), 898–904 (2016).
 67. French, V. M., Cooper, R. A. & Molan, P. C. The antibacterial activity of honey against coagulase-negative staphylococci. J. Anti-

microb. Chemother. 56(1), 228–231 (2005).
 68. Smaropoulos, E. & Cremers, N. A. J. Treating severe wounds in pediatrics with medical grade honey: a case series. Clin. Case Rep. 

https ://doi.org/10.1002/ccr3.2691 (2020).

https://doi.org/10.1371/journal.pone.0186946
https://doi.org/10.1155/2017/5904361
https://doi.org/10.5772/67035
https://doi.org/10.5772/67035
https://doi.org/10.1111/jfpp.13094
https://doi.org/10.1111/jfpp.13094
https://doi.org/10.3389/fmic.2012.00265
https://doi.org/10.1002/jbm.b.34351
https://doi.org/10.1089/1096620041224139
https://doi.org/10.1158/1538-7445.AM2018-3553
https://doi.org/10.1002/ccr3.2691


11

Vol.:(0123456789)

Scientific RepoRtS |        (2020) 10:13229  | https://doi.org/10.1038/s41598-020-70186-9

www.nature.com/scientificreports/

 69. Alam, F. et al. Honey: a potential therapeutic agent for managing of diabetic wounds. Evid. Complement. Altern. Med. 2014, 169130 
(2014).

 70. Majtan, J. Methylglyoxal—a potential risk factor of Manuka honey in healing of diabetic ulcers. Evid. Complement. Altern. Med. 
https ://doi.org/10.1093/ecam/neq01 3 (2011).

Acknowledgments
The authors would like to acknowledge the MIT UROP and the MIT BioMakerspace. The authors would also 
like to thank the MIT Division of Comparative Medicine and Carolyn Madden for providing the bacteria and 
Jenny Gao (MIT) for synthesizing and photographing the microneedles for Fig. 2 (panel v & vi). This project as 
supported by grant nos. P30-ES002109 (JGF), P50-GM021700 (RGT), BioMEMS Resource Center (EB002503), 
and the MIT Sandbox Innovation Fund.

Author contributions
G.H.F. developed the project, hypothesis, experimental design and wrote the manuscript. D.O. optimized the 
MHM protocols and performed the bacterial and fibroblast experiments with DA, I.Y. and K.L. H.M.A.K. and 
J.G.F., along with other authors, all contributed to and/or edited the manuscript.

competing interests 
GHF, DA, DO and IY are all listed as inventors on the following provisional patent: U.S. provisional application 
62/858,638, Manuka Honey Microneedle: Methods and Uses. KL, JGF and HMAK have no relevant financial 
COI to disclose.

Additional information
Correspondence and requests for materials should be addressed to G.H.F.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this license, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2020

https://doi.org/10.1093/ecam/neq013
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Manuka honey microneedles for enhanced wound healing and the prevention andor treatment of Methicillin-resistant Staphylococcus aureus (MRSA) surgical site infection
	Anchor 2
	Methods
	Manuka honey microneedle synthesis. 
	Bacterial killing assay. 
	Wound healing assay. 
	Statistical analysis. 

	Results
	Manuka honey microneedle synthesis. 
	Bacterial killing assay. 
	Wound healing assay. 
	Discussion. 

	Study limitations
	Conclusions. 

	References
	Acknowledgments


