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In this study, we prepared pH-sensitive hybrid nanospheres through the implementation of a facile molecularly
imprinted polymer (MIP) technique combined with a UV-initiated precipitation polymerization method using
vancomycin (VA) for the templates. During the course of this investigation, both 2-hydroxyethyl methacrylate
(HEMA) and 2-(diethylamino) ethyl methacrylate (DEAEMA) were utilized as the functional monomers, while
ethylene glycol dimethacrylate (EGDMA) was used as a cross-linker. The obtained MIP nanospheres exhibited
well-controlled particle size, with a drug loading capacity of about 17%, much higher than that of the non-
imprinted polymer (NIP) nanospheres (5%). In addition, the VA loading quantity was closely correlated with
the dosage of the cross-linking agent, and the MIP nanospheres exhibited a slower and more controlled VA re-
lease rate than the NIP nanospheres. Moreover, these MIP nanospheres were sensitive to pH values, and conse-
quently showed an increasing release rate of VA as the pH level was decreased. The VA-loadedMIP nanospheres
showed the higher antibacterial ratio of over 92% against Staphylococcus aureus (S. aureus) while the NIP nano-
spheres were friendly to S. aureus. These MIP nanospheres can be promising for targeting drug delivery system
to achieve specific therapies such as preventing bacterial infections and killing cancer cells without damaging
health cells and tissues.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Currently, bacterial infections and their related complications often
lead to the failure of implants [1], and the commonmethod of rectifica-
tion is to remove the implants and perform a secondary surgery, which
generally brings unnecessary pain and additional costs for the patients
[2,3]. In order to improve the success rate of implants and prevent
these infections, building an active coating on the implant surface is
considered to be an effective strategy, such as a coating capable of the
controlled release of antibacterial drugs or agents on the implant surface
[4–6]. It has been reported that the continuous local release of anti-
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inflammatory agents around the implants could help to control inflam-
mation [5]. However, it is still a major challenge to control this release
long-effectively.

In recent years, it has been reported that the stimuli-responsive mo-
lecularly imprinted polymer (MIP), a novel kind of functional material,
can be synthesized by the copolymerization of the cross-linkers and
the functional monomers in the presence of the template molecules
due to its fascinating properties. TheMIP can not only respond to exter-
nal stimuli such as the pH levels [6,7], temperature changes [8,9], elec-
tric field interference [10,11], magnetic field interference [12–15], and
photonic irradiation effects [8,16–18], among other factors, but it also
possesses molecular recognition ability for template molecules [19,20].
More specifically, the pH-responsiveMIP for drug delivery has attracted
significant attention recently for its superior desired selectivity, which
can result in a higher loading capacity and a more effectively controlled
release of antibacterial drugs [21–23].

Vancomycin (VA), a clinically important first-generation glycopep-
tide antibiotic [24,25], has already been proven to exhibit sustainedmi-
crobiologic inhibitory activity for implants due to the formation of a
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Scheme 1. Imprinting mechanism for the drug delivery system of VA@MIPs.
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local release system, thus preventing postsurgical infections [26–28].
Therefore, the objective of the current study was to build an active sur-
face system to enhance VA loading capacity, and to facilitate the
Fig. 1. SEM images of the VA@MIPs and NIPs prepared via UV-initiated prec
sustained release of drugs for enhanced antibacterial activity. To achieve
this goal,molecularly imprinted technologybased onhydrogenbonding
between the template molecule VA and functional monomers, i.e.,
ipitation polymerization with different dosage of cross-linker EGDMA.



Fig. 3. TGA profiles of the (a) NIPs and (b) VA@MIPs prepared with different dosage of
EGDMA.

Fig. 2. The particle size distributions of the VA@MIPs prepared with different dosage of
EGDMA.
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HEMA and DEAEMA, was employed to prepare MIP nanospheres
through a UV-initiated precipitation polymerization technique.

2. Experiment procedures

2.1. Materials

The vancomycin (VA) was purchased fromWuhan Dahua Pharma-
ceutical Co., Ltd., Wuhan, China. The 2-hydroxyethyl methacrylate
(HEMA), 2-(diethylamino) ethyl methacrylate (DEAEMA), ethylene
glycol dimethacrylate (EGDMA), and the photoinitiator Irgacure651
were purchased from Aladdin Shanghai Co., Ltd., Shanghai, China.

2.2. Fabrication of pH-sensitive VA-loaded MIP nanospheres and NIP
nanospheres

The VA-loaded molecularly imprinted nanospheres (VA@MIPs)
were prepared through the following procedures. The template VA
(0.15 mmol), functional monomers HEMA (1 mmol), and DEAEMA
(1 mmol) were dissolved separately in 10 mL deionized water. Then,
these solutions were sequentially added into a two-neck round-bottom
flask. The cross-linker EGDMA with different concentrations (5 mmol,
10 mmol, 15 mmol, 20 mmol, 25 mmol, and 30 mmol) and the
photoinitiator Irgacure 651 (2 wt% of total monomers) were then dis-
solved in 30 mL ethanol. Afterward, the mixture was slowly dropped
into the above two-neck round-bottom flask. Thereafter, the solution
was purged with nitrogen gas for 15min, and then subsequently sealed
and irradiated by 12WUV-light (λ=365 nm) at room temperature for
1 h with stirring. The formed suspension was filtered and washed 5
times with de-ionized water in order to remove the residual functional
monomers, the cross-linker, and the templates. Correspondingly, these
final products were labeled as VA@MIPs-5, VA@MIPs-10, VA@MIPs-15,
VA@MIPs-20, VA@MIPs-25, and VA@MIPs-30, respectively. The non-
imprinted polymer nanospheres (NIPs) were prepared with the same
method but without the presence of the template of VA, and were la-
beled as NIPs-5, NIPs-10, NIPs-15, NIPs-20, NIPs-25, and NIPs-30, re-
spectively. All of the prepared samples were then freeze-dried for 12 h.

2.3. VA loading into the NIPs

VAwas loaded into the NIPs through the use of the soakingmethod.
Then, 20mg of NIPs were immersed in 10mL VA aqueous solution with
a concentration of 500 μg/mL. After that, themixturewas ultrasonicated
for 30min, and then placed on a shaking table for 24 h at room temper-
ature. Finally, the mixture was filtered and freeze-dried for 12 h. Corre-
spondingly, these final products were labeled as VA@NIPs-5, VA@NIPs-
10, VA@NIPs-15, VA@NIPs-20, VA@NIPs-25, and VA@NIPs-30, respec-
tively. To calculate the VA loading content, 2 mL of filtrates were ex-
tracted and analyzed with a microplate reader (SpectraMax i3,
Molecular Devices, U.S.A) at 280 nm.

2.4. Characterization of the VA@MIPs and NIPs

The morphologies of both the VA@MIPs and NIPs were observed
through the use of scanning electron microscopy (SEM, JSM6510LV)
and transmission electronmicroscope (TEM, Tecnai G20). In order to es-
timate the drug load, the VA@MIPs and NIPs were characterized with
thermos-gravimetric analysis (TGA, Mettler-Toledo). The samples
were heated from 30 °C to 800 °C at a heating rate of 20 °C/min in N2

flow (30 mL/min), with N2 as the balance gas (20 mL/min).

2.5. VA release tests

To determine the in vitro VA release profile, 20 mg of the VA-loaded
nanospheres were placed into dialysis tubing and suspended in 5 mL
phosphate-buffered saline (PBS) solution; they were then immersed
in 95 mL PBS solution. After this step, all of the solutions were stored
in a beaker and subsequently sealed at 37 °C. At certain time intervals,
1 mL of the solutions were extracted for VA quantity analysis by a mi-
croplate reader (SpectraMax i3, Molecular Devices) at 280 nm and
then 1 mL fresh PBS was poured into the solutions.
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To study the release behaviors of VA from the MIP nanospheres
(MIPs) at different pH values, 20 mg of VA@MIPs-20 were placed in di-
alysis tubing and suspended in 5 mL PBS solution at different pH values
of 5.2, 6.4, and 7.4. The procedures were the same as those mentioned
above. All of the release experiments were performed three times,
with three samples used each time.
2.6. Antibacterial activity assay

Antibacterial activity of the VA@MIPs and NIPs against Staphylo-
coccus aureus (S. aureus) were studied using the quantitive measur-
ing optical density (OD) at 600 nm by a microplate reader
(SpectraMax i3, Molecular Devices). The concentration of S. aureus
is about 1 × 107 CFU/mL. For the quantitive measurement of optical
density, 2 mg of the samples and 1 mg of VA were placed into each
well of a 48-well plate, respectively, and the blank plates were served
as control. Then 600 μL of the bacterial suspension was added into
each well with constant shaking at 37 °C in a shaker incubator for
24 h. The assay was performed in triplicates, with three replicates for
each independent test. After that, 20 μL of the bacterial suspension
was collected and spread on Luria-Bertani (LB) agar plate and incubated
at 37 °C for 36 h to form viable colony units.
Fig. 6. In vitro VA release profiles of the VA@MIPs-20 at various pH PBS solutions at 37 °C
(n = 3).

Fig. 5. In vitro VA release profiles of the (a) VA@NIPs and (b) VA@MIPs prepared with
different dosage of EGDMA (n = 3) (pH = 7.4, PBS, 37 °C).

Fig. 4. VA loading contents of the (a) MIPs and (b) NIPs prepared with different dosage of
EGDMA.



Fig. 7. Antibacterial activity of the VA@MIPs prepared with different dosage of EGDMA
against S. aureus after 24 h incubation at 37 °C (n = 3).
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For SEM observation, the samples were processed as the same with
the quantitive measuring optical density. After the bacterial adhesion
process, the bacterial suspension was drawn back completely. Then
the adherent S. aureus on the bottom of the 48-well plate was fixed
Fig. 8. Photographs of S. aureus colonies in Luria-Bertani (LB) media after co-cultured wit
with 2.5% glutaraldehyde for 2 h, and then dehydrated by alcohol with
different concentrations of 30%, 50%, 70%, 90% and 100% successively
for 15 min and finally dried in air for SEM observation.

3. Results and discussion

3.1. Formation of the VA@MIPs and NIPs by UV-initiated precipitation
polymerization

In the typical molecular imprinting process, reversible bonding be-
tween the polymerizable functional monomers and the templates usu-
ally includes reversible covalent bond(s), electrostatic interactions,
coordination with a metal center, or hydrophobic or van der Waals in-
teractions [22]. In this work, non-covalent bonds based on hydrogen
bonding between the template molecule VA and the functional mono-
mers HEMA and DEAEMA could be easily formed between the\\OH
and\\C_O groups, the\\OH and the\\C\\N groups, as well as the
\\NH (\\NH2) and the\\C_O groups in the synthesizing process of
VA@MIPs, as shown in Scheme 1. During the process, the precipitation
polymerization method was adopted because this method was very
simple to execute, and no surfactants or stabilizers were needed [29].
Moreover, monodispersed and highly-cross-linked nanospheres could
be easily prepared. Generally, the precipitation polymerization is heat-
initiated by 2,2′-azobisisbutyronitrile (AIBN), and the reaction is gener-
ally conducted at 70 °C [30], which could result in the thermal decom-
position of the templates. In this experiment, the templates were
h the VA@MIPs and NIPs prepared with different dosage of EGDMA for 24 h at 37 °C.
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temperature-sensitive, as shown in Fig. S1, and they were decomposed
for 2.3% at 70 °C. Thus, UV-initiated polymerization was used instead of
the heat initiation technique to avoid the high-reaction temperatures
and thus to provide a high rate of polymerization.

3.2. Surface characterization of the VA@MIPs and NIPs

Fig. 1 shows the SEM images of the VA@MIPs and NIPs. One of the
most significant differences between the VA@MIPs and NIPs was that
the NIPs exhibited large aggregates as compared with the VA@MIPs.
This may be attributed to the fact that the templates were able to influ-
ence the morphology of the resulting VA@MIPs [31], which can also be
proven by TEM investigation. As shown in Fig. S2, the content of cross-
linking agent exhibited great effect on the morphologies and size of
VA@MIPs. In the case of VA@MIPs-5, it shows a cross-linked meshy
structure. As the content of cross-linking agent increases, VA@MIPs ex-
hibit independent nano particles, and the particle size is also increased.
When the concentration of EGDMA reached to 20mmol, the largest par-
ticle size could be obtained. The further increase of this agent could re-
sult in the decrease of particle size, and VA@MIPs-30 exhibited the
similar netty structure to VA@MIPs-5. On the contrary, there is no obvi-
ous influence on NIPs. Regardless of the content of cross-linking agent,
all NIPs exhibited great agglomeration. Fig. 2 displays the size evolution
of the VA@MIPs with the different dosages of the cross-linking agent
EGDMA. With the increase of the dosage of the cross-linking agent
from 5 to 30 mmol, the particle size of the VA@MIPs showed a trend
of an initial increase and a subsequent decrease, which could be attrib-
uted to the fact that the polymerization degree of the VA@MIPs in-
creased with the increase of the dosage of the cross-linking agent,
thus reaching the optimal level, while a higher dosage of the cross-
linking agent resulted in excessive cross-linking. This explains why
Fig. 9. SEM images of S. aureus after co-cultured with VA@MIPs and N
the VA@MIPs-20 displayed the largest diameter of about 650 nm
among all of the groups.

3.3. VA loading capacity of the MIPs and NIPs

According to the TGA profiles, all of the NIPs were completely
decomposed prior to 800 °C exposure (as shown in Fig. 3a), while the
VA@MIPs still had residuals from 2.86 to 7.19% at 800 °C (as shown in
Fig. 3b). The TGA results showed that pure VA could remain at rates of
37.7% at 800 °C (Fig. S1). Based on this assessment, the VA loading con-
tents of the MIPs could be calculated according to following Eq. (1):

Loading content ¼ W2�100%
W1

ð1Þ

where W1 is 37.7%, the residual mass fraction of VA at 800 °C gained
from the TGA profile of VA. W2 represents the residual mass fractions
of the VA@MIPs at 800 °C (Fig. 3b), the residual mass fractions were
3.75%, 5.47%, 7.19%, 6.49%, 3.03%, and 2.86% for VA@MIPs-5, VA@MIPs-
10, VA@MIPs-15, VA@MIPs-20, VA@MIPs-25, and VA@MIPs-30, respec-
tively. Correspondingly, the VA loading contents were 9.95%, 14.50%,
19.07%, 17.20%, 8.04%, and 7.59% (as shown in Fig. 4a), which were
rates comparable to those of the PLGA microparticles ranging from
about 3–13% [32,33].

In addition, the VA loading quantity was closely correlated with the
dosage of the cross-linking agent (Fig. 4a). Thus, it was believed that the
loading of VA was possibly related to the polymerization degree of the
MIPs that was dependent upon the dosage of the cross-linking agent.
As the dosage increased, the polymerization level increased, resulting
in better capsulation. However, a higher polymerization degree could
increase the larger size of the MIPs, inducing the rupture of some MIPs
IPs prepared with different dosage of EGDMA for 24 h at 37 °C.
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(marked by the red arrows shown in Fig. 1) and resulting in the loss of
some VA from these MIPs. This was why the MIPs-20 with the largest
size had lower VA loading content than the MIPs-15. A further increase
in the dosage of the cross-linking agent led to excessive cross-linking,
resulting in the incomplete capsulation of the VA templates, thus induc-
ing the decrease in the VA loading content. It should be noted that the
VA loading contents of the MIPs were much higher than those of
about 5% of the NIPs (shown in Fig. 4b) because the VA drug molecules
were able interact with the MIPs through stronger hydrogen bonding
and the adsorption caused by the nano-size effect during the loading
process, while the NIPs loaded VA only by physical adsorption [34,35].

3.4. VA release

The VA release profiles of the VA@NIPs and VA@MIPs are presented
in Fig. 5a and Fig. 5b, respectively. It was observed that VA was
completely released from all NIPs within two days (Fig. 5a), whereas
the release of VA from the MIPs extended in some cases to over
18 days, especially for VA@MIPs-20 (Fig. 5b). The different release be-
haviors were determined by the differences in the drug-loading mech-
anisms between NIPs and MIPs. The former was carried out through
the weak physical adsorption between the VA molecules and the NIPs,
while the latter was performed via the stronger hydrogen bonding be-
tween the VA molecules and the MIPs as well as the following
capsulation. Thus, the VA release rate from the MIPs was significantly
slower than that of the NIPs. Obviously, the latter could be beneficial
for the long-term release of drugs. Among all of the MIP groups, VA@
MIPs-20 exhibited the slowest release rate (Fig. 5b) because this
group had the largest particle size of about 650 nm.

3.5. VA release behavior of the VA@MIPs-20 at different pH values

The cumulative VA release concentrations against the releasing
times were plotted for different pH values for the VA@MIPs-20 group
(shown in Fig. 6). In a neutral environment, the slowest release rate
was exhibited, while the corresponding release rate increased signifi-
cantly as the pH value decreased. For example, therewas a burst-release
of VA from VA@MIPs-20 at pH values of 5.2 and 6.4, as shown in the
inset of Fig. 6. The former reached a stable concentration of 32 μg/mL
after immersion for about 220 h, whereas it took 290 h to reach a bal-
ance of 28 μg/mL for the latter. In comparison, after immersion for
432 h in a neutral environment, the released concentration of VA from
VA@MIPs-20 was about 22 μg/mL. This pH-responsive release behavior
likely arose from the destruction of the hydrogen bonds between the
\\OH and\\C\\N groups as well as the\\NH (\\NH2) and\\C_O
groups due to the protonation of the\\C\\N and\\NH (\\NH2) groups
in acidic environments. The VA loading and releasing experiments
clearly confirmed that the MIPs had not only a higher VA loading
capacity, but also longer-termpH-responsive VA release behavior. How-
ever, as the aforementioned in Fig. 5a, VAwas completely released from
all NIPs within two days in a neutral environment, indicating that VA
was loaded through only a weak physical adsorption between the VA
molecules and the NIPs. Hence, unlike MIPs, NIPs were not sensitive to
pH. Consequently, the VA release behaviors of VA@NIPs at different
pH values should be almost the same as the one at neutral PBS.

3.6. Evaluation of antibacterial activity

As shown in Fig. 7, all groups of VA@MIPs showed the matched an-
tibacterial ratio compared to pure VA. The antibacterial ratios of pure
VA, VA@MIPs-5, VA@MIPs-10, VA@MIPs-15, VA@MIPs-20, VA@MIPs-
25, and VA@MIPs-30 were about 97.3%, 92.5%, 94.8%, 96.5%, 96.6%,
96.7% and 96.9%, respectively. While all of the NIPs displayed the nega-
tive antibacterial ratios compared to the control group shown in Fig. S3,
indicating that the NIPs were friendly to S. aureus. These results are in
good agreement with the observation of bacterial colonies density. As
shown in Fig. 8, there are almost no viable colonies remained on the
agar plate for all of the VA@MIPs and pure VA, indicating that the S. au-
reus cells had been killed. By contrast, many S. aureus colonies were still
formed for all groups of NIPs. In addition, it exhibitedmuch higher S. au-
reus colonies density for NIPs than those measured from the control
group.

The morphologies and membrane integrity of S. aureus cells on the
bottom of the 48-well plate were examined by SEM. Fig. 9 shows the
morphologies of adherent S. aureus. It can be observed that there are
only smaller amount of bacteria adhered on the surface of plates for
all VA@MIPs and pure VA compared to NIPs and the control groups, in-
dicating that the VA@MIPs and pure VA could restrain the growth of
bacteria which is a crucial step to prevent bacterial infection [36]. Fur-
thermore, the typical lesions and holes can be observed in S. aureus
marked by the red arrows for the VA@MIPs and pure VA,while S. aureus
show normal shape with spherical and smooth surface for NIPs and the
control group. In addition, there are a large number of NIPs adhered on
the surface of S. aureus, indicating that individualNIPswere friendly to S.
aureus. Furthermore, after immersion in PBS for 2 days, the loaded VA
drugs were almost completely released from all NIPs, and few residual
drugs can kill S. aureus to some extent. So it can be concluded that
NIPs could show antibacterial activities only after loading VA drugs.

4. Conclusions

The pH-sensitive VA-imprinted nanospheres were successfully pre-
pared with the UV-initiated precipitation polymerization method. The
VA loading tests showed that the MIPs had a VA loading capacity of
about 17%, which was much higher than that of the NIPs. In addition,
these MIPs not only exhibited a slower release rate than the NIPs, but
also a long-term release duration of over 18 days. Furthermore, the syn-
thesized VA@MIPs showed a clear response to pH values, i.e., a faster re-
lease rate and much higher release concentrations in acidic conditions
than in neutral conditions, which is desirable for suppressing bacterial
infections. Moreover, VA@MIPs showed much higher antibacterial
ratio for more than 90% to S. aureus. Our results demonstrated that
this drug delivery system composed of theMIPs is promising in its abil-
ity to achievemultiple biofunctions if applied as a coating on the surface
of implant materials.
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Figure S1. TGA profile of vancomycin from 30 oC -800 oC. The residual mass 

fractions of vancomycin were 97.7% and 27.7 at 70 oC and 800 oC, respectively. 
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Figure S2. TEM images of the VA@MIPs and NIPs prepared with different dosage of 

cross-linker EGDMA. 
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Figure S3. Antibacterial activity of the NIPs prepared with different dosage of 

EGDMA against S. aureus after 24 h incubation at 37 oC (n=3). 
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