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ABSTRACT: During its adhesion on external surfaces, a cell exhibits obvious
inclination to different molecular chirality, which encourages us to develop a
new type of antibacterial material catering to the “chiral taste” of bacteria. On
the basis of the natural product borneol (a camphane-type bicyclic
monoterpene), a series of borneol-based polymer, polyborneolacrylate (PBA),
was successfully prepared and showed superior antibacterial adhesion properties
resulting from the borneol isomers on material surface. The results of this study
reveal that bacteria simply dislike this type of stubborn surface of PBA, and the PBA surface stereochemistry contributes to the
interfacial antibacterial activities. The PBA polymers were evaluated as noncytotoxic and can be simply synthesized,
demonstrating their great potential for biomedical applications.
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1. INTRODUCTION

The prevention of bacterial adhesion on material surfaces is an
important research topic,1,2 as the adhesion of bacteria is the
first step in bacterial colonization or proliferation as well as the
formation of bacterial biofilms,3 which are responsible for
numerous human healthcare (i.e., infections and diseases) and
environmental problems.4 Various strategies have been ex-
plored mainly based on the immobilization or release of
bactericidal substances1−3,5−13 such as antibiotics,7 metal
derivatives,8 graphene derivatives,9 and poly(ammonium
salts).10 However, they are still not satisfactory because of
their limited efficiency, the cytotoxicity, and the alarming case
of antibiotic resistance, while antimicrobial peptides,11 bacter-
iolytic enzymes,12 and essential oils13 are recognized as new and
emerging natural strategies. These fascinating natural compo-
sitions were developed by nature over millions of years. Thus,
living plants and animals have successfully constructed a
complex defense system to cope with the ever-present threat of
pathogens.2 However, for biomedical applications, some
tangible disadvantages cannot be ignored, such as biological
stability and safety problems.2 To date, few of those peptides or
enzymes have proceeded into clinical trials.14 Therefore,
essential oils present more opportunities. They are known as
a treasure house of diverse natural compounds and offer
plentiful sources for the design of antibacterial materials. For
example, Campo’s group recently reported that polymer-bound
Cl-catechols could effectively prevent biofilm formation.15

However, from the inner mechanism, most existing anti-
bacterial materials act predominantly by disrupting the integrity
of cell membranes through interaction with the phospholipid
component16−18 or by influencing the bacterial functions
through a poisoning model.2 To date, utilizing the “senses” of
bacterial cells on material surfaces to induce subsequent

selective attachments or not, which is a new way to design
biomedical materials and interfaces for antibacterial adhesion, is
barely reported.
Focusing on the interactions at the interface between

artificial materials and biological systems,19−23 our previous
work has demonstrated that a chiral biointerface can
significantly influence cell adhesion and protein adsorption,21,22

where hydrophobic interactions based on chiral stereo-
chemistry are also an important factor.23 However, for the
wide array of pathogens, still less is known about aforemen-
tioned influencing factors. On the basis of the current
understanding of chiral effects and hydrophobic interactions
at biointerfaces, and inspired by the natural product
borneol,24,25 a chiral bicyclic monoterpene as shown in Scheme
1, we devoted attention to utilizing borneol to design a novel
antibacterial material and develop an advanced strategy for
antibacterial adhesion through polymer surface stereochemistry.
Borneol is a suitable model compound because of several

outstanding properties. First, it is a known natural drug that is
present in numerous medicinal plants, including valerian,
lavender, chamomile, etc.24 Borneol has four configurations
that correspond to different positions of the hydroxyl group
(three products, as shown in Scheme 1): endo-L-borneol, endo-
D-borneol, and exo-isoborneol. They are ideal chiral units with a
hydrophobic molecular structure. Second, borneol has various
biomedical functions;25,26 most importantly, it has been shown
that esterification results in derivatives with increased activity
compared to the parent borneol.25 Thus, we deduce that
borneol will not lose its activity after being grafted into a
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polymer system. Moreover, the chiral feature or function will be
largely enhanced by forming polymers.22 For these reasons,
borneol-based polymers will be effective for influencing
bacterial senses and thus can be a new sort of surface for
antibacterial adhesion.

2. EXPERIMENTAL SECTION
2.1. Monomer Synthesis. Borneol (1.00 g, 6.48 mmol) was first

dissolved in 20 mL of tetrahydrofuran (THF). Triethylamine (0.98 g,
9.72 mmol) and acryloyl chloride (0.88 g, 9.72 mmol) were added into
the above solution successively. Then, the reaction was allowed to
proceed for 12 h with stirring at 35 °C. After filtration and rotary
evaporation, a yellow-brown oil was obtained. Deionized water (20
mL) was added. The monomer was then extracted with ether (3 × 20
mL), and the organic phase was dried with anhydrous sodium sulfate.
Finally, the target product, borneol acrylate (BA), was obtained by
filtration, evaporation, and further purification by silica gel column
chromatography (200−300 mesh, Sinopharm Chemical Reagent Co.,
Ltd., China; the eluents were petroleum ether/ethyl acetate = 4:1)
with a yield > 95%.
2.2. Polymer Synthesis. Polymerization was achieved by adding

ammonium persulfate (1.0 mg mL−1 of water solution, 10 μL) as an
initiator into a degassed solution of methanol (200 μL) with the BA
monomer described above (200 mg, 0.96 mmol) for 4 h at 70 °C. The
polymer was purified by alternate treatments with dichloromethane
(dissolution) and methanol (precipitate). The product was obtained as
a white solid. With this method, the polymer molecular weights were
approximately 105 g mol−1 with polydispersities of D = 3−5
(Supporting Information, Figure S4 and Table S1). These bulk
polyborneolacrylate (PBA) polymers were used to coat polymer films
(Supporting Information, Figure S5). Depending on the BA monomer
used, the PBA was denoted as PLBA, PDBA, or PIBA (Scheme 1).
2.3. Antibacterial Adhesion Experiments. A “prison break”

experiment was designed to evaluate the antibacterial adhesion
capability of the PBAs. The PLBA, PDBA, PIBA, and the control
poly(methyl methacrylate) (PMMA) films were cut into circular rings.
The thickness of each ring is ∼10 μm. They are similar in weight,
approximately 1.0 mg for PMMA and approximately 1.1 mg for PBAs.
The rings were sterilized under ultraviolet light and fixed onto beef-
protein medium, in which peptone (3 g), beef extract (5 g), NaCl (5
g), and agar (20 g) were dissolved in deionized water (1000 mL) at
pH 7. After that, 1 μL of Escherichia coli (E. coli) suspension (106 CFU
mL−1) was added into the center of the circular ring and cultured at 37
°C. The results at different time points were recorded by camera. For
this evaluation, each experiment was repeated at least five times.

The standard bacteria coincubation experiments were performed to
study interactions between bacteria and the PBA surfaces. E. coli and
Staphylococcus aureus (S. aureus) were used here. Sticker modules
opened with a window section were fixed on the polymers (PLBA,
PDBA, PIBA, and PMMA, Scheme S3 in Supporting Information).
These modules were sterilized under ultraviolet light and then
immersed in 120 mL of dilute bacteria suspension (E. coli or S. aureus),
prepared freshly in normal saline (106 CFU mL−1). After a specified
period of incubation at 4 °C, the modules were removed and gently
rinsed with phosphate buffer saline (PBS) three times. Then, the
substrates were removed to obtain the polymer sections, which were
used to evaluate bacterial attachment by optical microscopy. For this
evaluation, each experiment was repeated at least five times.

Optical density (OD) testing and the plate count methods were also
used to study aforementioned bacterial attachment. The sticker
modules were immersed in 120 mL of dilute E. coli suspension for
approximately 60 h. After rinsing gently with PBS three times, the
polymer sections were incubated in fresh culture medium at 37 °C. E.
coli outgrowth was estimated by monitoring the OD changes in each
well at 600 nm every 3 h for a total of 24 h. In addition, after 9 h of
culture, 10 μL of E. coli suspensions were taken out and serially diluted
7-fold. Then, 100 μL of the diluents were cultured on beef-protein
medium and further cultured for 24 h at 37 °C. The numbers of E. coli
colonies were counted.

2.4. MTT Assay. The biocompatibility of the materials was
investigated with L929 fibroblast cells. Briefly, the PBA films (1.5 cm ×
2 cm) were sterilized with ultraviolet light and immersed in 2 mL of
1640 medium for 24 h. The obtained conditioned solution was used as
complete cell culture medium after adding 10% FBS, 100 units mL−1

penicillin, and 100 μg mL−1 streptomycin. L929 fibroblast cells
(purchased from Cell Resource Center, IBMS, CAMS/PUMC,
Beijing, China) were cultured in the conditioned medium at 37 °C
in a humidified environment of 95% air and 5% CO2. After 48 h of
incubation, cell viability was determined by the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay kit based on the
manufacturer’s instructions. The relative growth rate (RGR) of the
cells was calculated according to the following formula: RGR (%) =
Abs490 sample/Abs490 control × 100. Finally, toxicity grades were assessed.

3. RESULTS AND DISCUSSIONS

3.1. Synthesis and Characterization of the Borneol-
Based Polymers. The borneol-based polymers were designed
as comb polymers of PBA (as shown in Scheme 1). Briefly, the
BA monomers were first synthesized according to an acylation
reaction, and then the PBAs were prepared via atom transfer

Scheme 1. The Synthesis Processes of the Borneol-Based Polymers Polyborneolacrylates, Which Are Denoted as PLBA, PDBA,
and PIBA According to the Three Chiral Borneol Monomers (LBA, DBA, and IBA) Used Therea

aThe three kinds of parent borneol are endo-L-borneol, endo-D-borneol, and exo-isoborneol. They totally have four configurations including
(1S,2R,4S), (1R,2S,4R), and (1S,2S,4S) and (1R,2R,4R).
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radical polymerization (ATRP).21,22 Figure S3 in Supporting
Information shows the circular dichroism (CD) spectra of the
different monomers and polymers at the same effective
concentration. The spectra show strong mirror-image responses
in the region of 210−250 nm, reflecting the intrinsic chirality of
PLBA and PDBA (Supporting Information, Figure S3B). In
contrast, PIBA gave almost no CD signal at approximately 230
nm, because it consists of a racemic mixture. This study showed
that optical rotation was largely amplified after polymerization
compared to the original monomer state (Supporting
Information, Figure S3A). This CD detection also verified
that the synthesis processes maintained the molecular chirality.
3.2. Antibacterial Adhesion Capability. To demonstrate

the antibacterial activity of PBAs, a bacterial “prison break”
experiment was designed to evaluate the antibacterial adhesion
capability of the PBAs. Briefly, PLBA, PDBA, PIBA, and
PMMA films (Supporting Information, Figure S5; the thickness
was approximately 10 μm in the dry state; PMMA was used as
control because of its simple stereochemistry) were cut into
circular rings (the inner diameter was 6 mm, the outer diameter
was 10 mm), sterilized under ultraviolet light, and fixed onto
beef-protein medium (Figure 1A). Next, 1 μL of E. coli
suspension (106 CFU mL−1) was added into the center of the
circular ring and cultured at 37 °C. The growth of the E. coli
after different periods of time was observed and recorded with a
camera. For this evaluation, each experiment was repeated at
least five times.
Naturally, we observed the expanding growth of E. coli in the

polymer rings as shown in Figure 1A. In the first 12 h, a clear-
cut E. coli stain was formed, but none of the stain touched the
edges of the polymer rings. After 24 h, E. coli covered almost

the entire inner ring sections. At this time point, the PMMA
ring had failed to act as a “prison” to control the escape of
bacteria. Rather, E. coli colonies were able to move beyond the
PMMA ring, resulting in a white surrounding outside. However,
the PBA rings exhibited good control. No E. coli colonies had
escaped the PBA “prison” after 48 h of incubation, whereas the
white E. coli colonies had expanded out of the PMMA ring and
occupied a much larger region. This experiment was performed
more than five times (see Supporting Information, Figure
S8A−E). To our surprise, in some instances the resistance
capability could be maintained for more than 100 h on a given
single PBA ring. Deeper investigations were carried out by
photomicrography (the samples were taken from the experi-
ment after 60 h of incubation as shown in Supporting
Information, Figure S8E). We scanned the polymer rings
from their inner to outer edges, and the results are shown in
Figure 1B. E. coli cells were spread over almost the entire
surface of PMMA, as a higher but similar cell density was
observed. However, there was a low density of bacterial cells
only at the inner ring of the PBAs, and few cells appeared at
outer ring of all the PBAs. This result confirmed the
antibacterial adhesion capability of PBAs. In addition, polymer
rings with different width were utilized to evaluate this effect.
The results (see Supporting Information, Figure S9) showed
that the wider PMMA still could not block the escape of E. coli,
while PIBA could act as a prison in the same incubation time.
Therefore, the antibacterial capability of PBA rings was caused
by a biological surface recognizing rather than a physical effect
of blocking.
The standard bacteria coincubation experiments were also

performed to further study interactions between bacteria and

Figure 1. (A) Effects on controlling the escape of E. coli from PMMA, PLBA, PDBA, and PIBA rings after different periods of incubation time. (B)
Optical micrographs of E. coli adhered on the above polymers from the inner (left) to outer (right) edges of the rings after 60 h of incubation. The
image size is approximately 897 μm2 (34.5 μm × 26.0 μm).
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the PBA surfaces. Figure 2A shows typical microscopic images
after different periods of time for the E. coli attachment assay on
films of PMMA, PLBA, PDBA, and PIBA (see Supporting
Information, Figure S10 for all the specified time points). In
particular, after 1 d of incubation, a clear distribution of E. coli
cells was observed. But, barely a few E. coli cells could be found
on the PBA surfaces. In fact, only after 10 min of incubation, a
small amount of E. coli had attached onto the PMMA film
(Supporting Information, Figure S10). At longer incubation
times (Figure 2A, 3 d), increased amounts of E. coli adhered

onto the PMMA surface. However, for the PBA surfaces, even
after 3 d of incubation, only a few of E. coli cells were found on
the films, indicating strong suppression of E. coli adhesion.
These distinct phenomena were mainly related to the polymer
surface stereochemistry of borneol, as statistical analysis of the
quantitative data (Figure 2B) indicated very significant
difference between PMMA and the PBAs (t test: P ≪ 0.001)
at all time points. The surface chirality of the PBA polymers
might also contribute to some of the antibacterial efficiency,
and statistical analysis showed some significance among the

Figure 2. (A) Optical micrographs of E. coli adhered on PMMA, PLBA, PDBA, and PIBA films for different periods of time. The image size is
approximately 897 μm2 (34.5 μm × 26.0 μm). (B) Quantitative data for E. coli attachment on the polymer films at the corresponding time points.
The results were obtained from five independent experiments. Significant differences: *: P < 0.05; **: P < 0.01; ***: P < 0.001.

Figure 3. (A) Optical density (OD600) test to evaluate the PBA and PMMA films, which were soaked in an E. coli suspension for 60 h and then
transferred to fresh culture medium for the OD600 testing. (B) The E. coli colony numbers are from plate count experiments. The colony numbers
corresponding to viable E. coli on PMMA, PLBA, PDBA, and PIBA films were 132, 11, 21, and 12 units, respectively.
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chiral PBA films after the 3 d time point. Specifically, PLBA
displayed more resistance to E. coli cells than PIBA and PDBA.
However, significance was only found between PLBA and
PDBA (t test: P < 0.05). No significant differences were found
between PLBA and PIBA, or between PIBA and PDBA. After 5
d, the difference became more significant between PLBA and
PDBA (t test: P < 0.01). While significance was found between
PIBA and PDBA (t test: P < 0.05), no distinct difference was
found between PLBA and PIBA. These phenomena indicated
that the PLBA and PIBA films possess better antibacterial
activity than the PDBA film.
To demonstrate the above-mentioned bacterial behavior,

classical methods such as the optical density (OD) test and
plate count method were employed. Figure 3A shows the OD
test results for the four types of polymer films, which were
soaked in an E. coli suspension for over 60 h and were
subsequently transferred and incubated in fresh culture
medium. For the first 6 h, E. coli were in a lag phase and
were adapting to the new environment, except for the E. coli on
PMMA that took the lead in moving into the logarithmic phase.
Distinct differences were found among the four test groups
after 9 h of incubation, as the OD values displayed a clear
gradation of bacterial densities from low to high in the order of
PLBA, PIBA, PDBA, and PMMA (also see Supporting
Information, Figure S12). The upward trends for the PBAs
continued until 15 h, when the E. coli entered into the
stationary phase. These results suggest that PLBA may have the
best efficiency in terms of E. coli inhibition. Furthermore, the E.
coli colony numbers from the plate count experiments verified
the above effect (see Experimental Section for the experimental
details). As shown in Figure 3B, the number of viable E. coli
colonies on PMMA (132 units) was obviously 10 times higher
compared to that on the PLBA (11 units) and PIBA (12 units)
films. Although no difference was found between the PLBA and
PIBA films, the PDBA film exhibited weaker antibacterial
properties because 21 units were counted on the plate in this
test. Regardless, the regulation is very consistent with our
primary findings.
3.3. Broad-Spectrum Antimicrobial Activity. Subse-

quently, we performed antibacterial experiments with S. aureus,
a typical Gram-positive bacterium. The PBAs showed a similar
resistance gradient for S. aureus adhesion when evaluated after 4
d (see Supporting Information, Figure S11A). However, no
statistical significance was found among the borneol chiral
configurations of PBAs (Supporting Information, Figure S11B),
perhaps due to the relatively slower proliferation rate of S.
aureus. Scanning electron microscopy (SEM) characterization
also showed distinct surface antiadhesion for E. coli, S. aureus,
and furthermore for Mucor racemosus (M. racemosus, typical
fungi) cells on the PBAs (see Supporting Information, Figure
S13 for all details). Additional studies with SEM revealed that

the bacterial morphologies became shriveled to a certain degree
on the PBA films (typical images are shown in Figure 4).
Furthermore, in some cases, the bacteria lost their cellular
integrity after being exposed to PBA films (Figure 4A). This
result highlights that irreversible damage can be induced on
bacterial cells once they make direct contact with PBA films,
although the major event is antiadhesion.

3.4. Study on the Mechanism. The differential behavior
of bacteria toward the polymer surfaces not only demonstrated
superantibacterial capability of the PBA polymers but also
suggested that bacteria perceive the different signals related to
the surface stereochemistry of the polymer. From the
microscale of the molecular structures, the methyl comb-teeth
of PMMA are simple compared to the PBAs that possess dense
pendants of camphane-type bicyclic structures, which have
complex carbon stereochemistry. It has been reported that
polymers such as polyethylene, polystyrene, and linear aliphatic
polyacrylates are less effective for antibacterial adhesion,27,28

perhaps due to their simple stereochemistry. However, the
camphane-type bicyclic structure of borneol has three chiral
centers, located at C1, C2, and C4, as shown in Scheme 1, and
those polymers exhibited excellent antibacterial capability. In
particular, differences in antibacterial adhesion were found
between PLBA/PIBA and PDBA (Figure 2B), where the D-
configuration of borneol on the PDBA surface resulted in
relatively weak antibacterial adhesion properties.
This regulation seems to disagree with previous studies on

the topic of chiral biointerfaces,21−23,29 where D surfaces tend
to resist cell adhesion or protein adsorption. Although this
paradox exists here, further consideration of the chiral borneol
molecule indicated that the chiral configuration at C2 is
consistent with previous studies. For example, in PLBA
(1S,2R,4S-borneol pendants), the C2 chiral center corresponds
to a D-configuration, which usually provides surfaces with
antiadhesion properties for cells or proteins. Thus, we envision
that bacteria may mainly distinguish the chiral center at C2,
rather than C1 or C4. In other words, the O−C2HR1R2
stereochemistry may be the key point at which bacteria
“sense” the chiral difference. Compared with the pendant O−
CH3 groups of the PMMA control, the bicyclic stereochemistry
structure of borneol contributed greatly to antibacterial
adhesion, because single −CH3 stereochemistry could not
prevent bacterial invasion. Thus, the above experiments
revealed that carbon stereochemistry in a bicyclic structure is
of great significance for antibacterial adhesion, and surface
chirality contributes partly to the antibacterial efficiency.
Another question is that the PBA polymers have higher

hydrophobicity. Water contact angle (CA) measurements (see
Supporting Information, Figure S6) showed that the CA was
102 ± 2° on the PBAs, compared to 79 ± 1° on PMMA.
However, in our viewpoint, hydrophobicity is not important for

Figure 4. SEM images of cells cultured on PLBA film. (A) E. coli, (B) S. aureus, and (C) M. racemosus after incubation for 3 d at 37 °C.
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this antibacterial activity. It is well-reported that the bacterial
adhesion should be higher on hydrophobic than on hydrophilic
surfaces.27,30 In fact, no distinct regulation is found between
wettability and antibacterial activity for the diverse materials.31

Therefore, hydrophobicity did not play a crucial role on this
antibacterial activity. Rather, we deduced that the key point is
surface stereochemistry, and especially the bicyclic structure,
which is crucial for PBAs antibacterial adhesion.
3.5. Biocompatibility Evaluation. A standard MTT assay

showed that the PBA materials were noncytotoxic (the
impregnating solutions were used in this assay). As shown in
Figure 5, the RGR on PLBA and PDBA films was somewhat

higher than that on the PIBA film, although the difference was
not significant. The results shown in Table 1 demonstrated that

the cell toxicity of the PBA films was in grade 1. According to
the standard toxicity rating, grade 1 indicates no toxicity in the
framework of safety for use. Different from a drug-release
model, PBAs mainly prevent bacterial adhesion through
stereochemical structures of the covalently bonded borneol
units on the polymer surface. Cell culture experiments showed
that the cells also did not prefer to adhere to the PBA surfaces
(Supporting Information, Figure S14). From a biological point
of view, bacteria simply dislike this type of stubborn surface.
This stereochemistry mechanism, especially on PBA surfaces,
has demonstrated the capability to resist colonization by diverse
bacteria. In those conditions, borneol molecules or borneol
derivatives do not act as bactericide in drug-release manner.
However, if degradation occurs in the long run (Supporting
Information, Figure S7 evaluated the degradation of PBAs in
vitro), the catabolin should also be of benefit for antibacterial
activity. At least, the mice subcutaneous tissue implant of PLBA
film did not generate any inflammatory response to the
surrounding tissue cells. Work investigating above possibility is
currently underway.

4. CONCLUSION
In conclusion, we have developed novel PBA polymers as
antibacterial materials or coatings. PLBA displayed the best
performance due to its outstanding antibacterial activity and
good biocompatibility. An additional thought on this natural
strategy is that borneol is a chiral drug. To date no drug-
resistance is reported maybe because chiral stereochemistry has
a unique meaning for life. Thus, these biocompatible
polyborneol PBAs might be persistently effective for anti-
bacterial applications. Importantly, the proof-of-concept
demonstration in our study showed that utilizing polymer
surface stereochemistry is an advanced strategy for antibacterial
adhesion. The insights gained regarding the effects of surface
stereochemistry and chiral differences may help us to tailor the
antibacterial performance of a new generation of polymer films.
Ultimately, this work will advance both the research and
application of antibacterial materials in the field of biomedicine.
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