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ABSTRACT: In this article, we prepared hyaluronic acid/poly-
(amidoamine) dendrimer (HA/PAMAM) multilayers on a poly(3-
hydroxybutyrate-co-4-hydroxybutyrate) [P(3HB-4HB)] substrate by a
layer-by-layer self-assembly method for antimicrobial biomaterials. The
results of ζ potential and quartz crystal microbalance with dissipation
(QCM-D) showed that HA/PAMAM multilayers could be formed on
the substrate layer by layer. We used QCM-D to show that both the
HA outer layer and the PAMAM outer layer exhibited good protein-
resistant activity to bovine serum albumin and bacterial antiadhesion
activity to Escherichia coli. By a live/dead assay and the colony counting
method, we found that the PAMAM outer layer could also exhibit
bactericidal activity against E. coli, while the HA outer layer had no
bactericidal activity. Both the bacterial antiadhesion activity and the
bactericidal activity of the samples could be maintained even after
storage in phosphate-buffered saline for up to 14 days. An in vitro MTT assay showed that the multilayers had no cytotoxicity to
L929 cells, and HA molecules in the multilayers could improve the biocompatibility of the film.
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1. INTRODUCTION

Bacterial infection is a serious problem in the field of
biomaterial because it could lead to the destruction of local
tissues, patient disability and morbidity, and even death.1

Preparing antimicrobial films on biomaterials that have bacterial
antiadhesion activity or bactericidal activity is a suitable way to
resolve biomaterial-associated infection.2−7 For example,
preparing a silk sericin film with bacterial antiadhesion activity
on the substrate could reduce the adhesion of Staphylococcus
aureus and Staphylococcus epidermidis evidently, which would
inhibit the formation of a biofilm on the implant.5 Meanwhile,
preparing a bactericidal film with an antimicrobial agent, such as
antibiotic or antimicrobial peptide, on a substrate in order to
kill the bacteria in contact with the biomaterial could also
inhibit bacterial infection.2,6,7 However, there are still many
problems with these antimicrobial films. The film with bacterial
antiadhesion activity did not successfully kill the bacteria in
contact with it.5 For bactericidal films, bacterial resistance as
well as cytotoxicity and side effects are significant problems.6,7

Therefore, the question of how to resolve these problems to
prepare antimicrobial films on biomaterials is of great interest.
In this paper, we use poly(3-hydroxybutyrate-co-4-hydrox-

ybutyrate) [P(3HB-4HB)] as the substrate to prepare a film
with both bacterial antiadhesion activity and bactericidal

activity. We chose P(3HB-4HB) as our substrate because it
was suitable as an implant for tissue engineering because of its
excellent biodegradability and biocompatibility and adjustable
mechanical properties.8−10 We chose poly(amidoamine)
dendrimers (PAMAM) as the bactericidal agent in our system
because the amino groups around PAMAM could target and
disrupt the bacterial membrane.11,12 This membrane-targeting
bactericidal agent is less likely to result in bacterial resistance
compared to protein-targeting antimicrobial agents, such as
antibiotics. In addition, as reported, PAMAM was more
effective on Gram-negative bacteria,13 whose double-cell and
powerful membrane pumps make them more difficult to kill
than Gram-positive bacteria.14 Meanwhile, in our system, we
chose hyaluronic acid (HA) as the bacterial antiadhesion agent
because it showed negative charge, similar to a bacterial
membrane, and it could inhibit bacterial adhesion onto the
substrate.15,16 Moreover, as one component of the extracellular
matrix, HA exists in advanced living organisms and has good
biocompatibility,17 which should decrease the cytotoxicity of
bactericidal PAMAM molecules.13
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Because PAMAM and HA showed opposite charge, we use
the layer-by-layer (LBL) self-assembly method to prepare the
multilayers of HA and PAMAM on P(3HB-4HB). LBL is a
promising approach to fabricate functional surfaces with well-
defined architectures.18 It offers a wide choice of available
molecules, flexibility and simplicity of construction, structural
precision, and the ability to coat materials with any shape and
dimension. With this method, the multilayer can be prepared
on the surfaces through consecutive deposition of polyanions
and polycations via electrostatic interactions. Neoh et al.
constructed the HA/chitosan polyelectrolyte multilayers on a
titanium surface and showed that the multilayers could inhibit
bacterial adhesion.15 Hammond et al. used a LBL method to
construct multilayers containing PAMAM on a micelle system
to release drugs, which presented an excellent antimicrobial
property against Staphylococcus aureus.19

In the present study, we use quartz crystal microbalance with
dissipation (QCM-D) and ζ potential to characterize formation
of the multilayer and use QCM-D to characterize the protein-
resistant activity of the multilayer. We also use QCM-D, live/
dead assay, and the colony counting method to characterize the
antimicrobial activity of the substrate against Gram-negative
bacteria Escherichia coli, and we use L929 cells to test the
biocompatibility of the multilayers.

2. MATERIALS AND METHODS
2.1. Materials. Hyaluronic acid (HA; Mw = 1.0−1.5 × 106 Da) was

purchased from Guangzhou QiYun Biological Technology Co., Ltd.
G5 poly(amidoamine) dendrimer (PAMAM; Mw = 20000 Da) was
purchased from Sigma-Aldrich. Polyethylenimine (PEI; Mw = 1 × 104

Da) was obtained from Shanghai YuanYe Biological Technology Co.,
Ltd., and ethylene dichloride (EDC)/N-hydroxysuccinimide (NHS)
was purchased from Sigma. Bovine serum albumin (BSA) was
obtained from Guangzhou JiYun Biological Technology Co., Ltd.,
and poly(3-hydroxybutyrate-co-4-hydroxybutyrate) [P(3HB-4HB)]
was obtained from Shenzhen Ecomann Biological Technology Co.,
Ltd. A live/dead BacLight Bacterial Viability Kit L7012 was obtained
from Molecular Probes, Inc. All of the antibacterial test- and cell-assay-
related agents were purchased from Sigma.
2.2. Sample Preparation. 2.2.1. Preparation of the P(3HB-4HB)

Substrate. We first prepared P(3HB-4HB) films (the structure is
shown in Figure S1a in the Supporting Information, SI) on silicon
wafers (1 cm × 1 cm × 0.1 cm) or quartz crystals (QSX301, Q-Sense,
Sweden) by spin-coating with 0.5% (w/v) solutions of P(3HB-4HB)
(chloroform:tetrahydrofuran = 9:1 in volume). The sample, which was
placed in an oven for 2 h at 60 °C, was abbreviated as PHB.
2.2.2. Preparation of the PAMAM Layer on PHB. PHB was treated

with oxygen plasma in the DL-01 model plasma generator (Suzhou
Omega Machinery Electronic Technology Co. Ltd., China) at 50 W
for 5 min. Then, it was immersed in a 80 μg/mL PAMAM solution
(the structure is shown in Figure S1b in the SI) in PBS for 1 h, rinsed
with PBS buffer three times, dried with nitrogen flow, and abbreviated
as PHB−PAMAM.
2.2.3. Preparation of the HA/PAMAM Multilayer on PHB by a LBL

Process. HA (the structure is shown in Figure S1c in the SI) and
PAMAM were diluted in PBS buffer at a concentration of 80 μg/mL.
Before the LBL process, a PEI layer was first deposited by immersing
the PHB in a PEI solution (1 mg/mL in PBS) for 1 h. After it was
washed with Milli-Q water, the sample was dried with a nitrogen flow
and abbreviated as PHBP. Then, PHBP was immersed in a HA
solution for 15 min and rinsed with PBS buffer three times. After that,
the sample was immersed in a PAMAM solution for 15 min and rinsed
with PBS buffer three times. The deposition cycle was repeated until
the indicated sample (PHBP-Hn or PHBP-Pn) was completed. All of
the sample abbreviations are shown in Table S1 in the SI.
2.3. Characterization of the LBL Process. 2.3.1. Character-

ization of the LBL Process with the ζ Potential Assay. The ζ

potential of the sample was obtained using an electrokinetic analyzer
(Anton Paar SurPASS, Graz, Austria). For determination of ζ,
streaming current measurements were performed using an adjustable
gap cell (Anton Paar SurPASS, Graz, Austria). A potassium chloride
(KCl) solution (1.0 mM) was used as the background electrolyte, and
0.1 M potassium hydroxide and 0.1 M hydrochloric acid solutions
were used to adjust the pH value to 7.2. The ζ potential is calculated
according to the formula

ζ η
εε

= I
P

L
A

d
d 0

where dI/dP represents the slope of the streaming current versus
differential pressure, η is the electrolyte viscosity, ε represents the
dielectric coefficient of the electrolyte, ε0 is the permittivity, and L/A is
the ratio of length L and cross section A of the streaming channel.

2.3.2. Characterization of the LBL Process with QCM-D Assay.
PHBP on the gold-coated silicon QCM electrodes were put into the
sensor chambers of the Q-Sense E4 QCM-D system, and the LBL
process was monitored as follows. Briefly, at first, a HA solution was
introduced to the substrate for 15 min and rinsed with PBS buffer until
the frequency was balanced. After that, a PAMAM solution was
introduced to the substrate for 15 min and rinsed with PBS buffer until
the frequency was balanced. The deposition cycle above was repeated
until the indicated sample was completed.

2.4. BSA Adsorption. BSA adsorption of the surfaces was
measured by QCM-D. Briefly, first, the BSA solution (dissolved in
PBS buffer at a concentration of 50 μg/mL) was introduced to the
samples. After balancing, PBS buffer was introduced again to wash off
the nonadsorbed protein. The ΔF (the frequency change of the
resonator) curve of the sample was used to illustrate the BSA
adsorption mass.

2.5. Antimicrobial Assay. 2.5.1. Bacterial Culture. E. coli was
used to test the antimicrobial activity of the samples. A single colony of
E. coli was inoculated in 5 mL of Luria-Bertani (LB) medium overnight
at 37 °C. Then, 1 mL of the E. coli suspension was inoculated in 50 mL
of a fresh LB medium and incubated for 5 h with shaking (250 rpm) at
37 °C to achieve mid-log-phase growth.

2.5.2. QCM-D Assay of the Bacterial Antiadhesion Activity. To
evaluate the bacterial antiadhesion activity of the samples (PHB, PHB-
PAMAM, PHBP-H4, and PHBP-P4) with QCM-D, different solutions
were injected sequentially into the QCM-D system in the following
order: (i) a PBS background solution for 10 min; (ii) suspended
bacteria in PBS at a concentration of 108 cfu/mL for 3 h; (iii) a PBS
solution without bacteria for 1 h. The ΔF curve was used to illustrate
the bacterial antiadhesion activity of each sample.

2.5.3. Colony Counting Assay of the Antimicrobial Activity. Prior
to bacterial seeding, the samples (1 cm × 1 cm) were sterilized by 70%
isopropyl alcohol for 0.5 h, placed in a 24-well culture plate, and
washed three times with PBS buffer. The E. coli suspension was
adjusted to a concentration of 1 × 108 cfu/mL in PBS. Then, 750 μL
of the bacterial suspension was added into each well to fully cover the
surface of the samples. The bacteria were cultured with shaking at 37
°C (150 rpm). After incubation for 3 h, the samples were taken out,
washed gently with PBS buffer and immersed in 2 mL of sterile PBS
buffer. This system was treated with an ultrasonic bath for 10 min to
detach the bacteria. Then, the detached bacteria were evaluated by a
serial dilution method with agar plates.

To evaluate the stability of the antimicrobial activity of the films,
after degradation in PBS for 14 days, the samples were treated with E.
coli as above.

2.6. Biocompatibility of the Samples. L929 cells were used to
study the biocompatibility of the samples. The cells were cultured in a
1640 medium (PAA Laboratories GmbH, Austria) containing 10%
fetal bovine serum (FBS) and in an incubator at 37 °C and a 5% CO2
atmosphere. The medium was replaced every third day.

All samples (1 cm × 1 cm) used for cell tests were sterilized with
70% isopropyl alcohol for 2 h. After sterilization, the samples were
placed individually into the 24-well plates, and the L929 cells were
added directly onto each sample (5000 cells in 1 mL of 1640 media
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containing 10% FBS per sample). They were cultured for 3 days, and
the culture medium was replaced every 2 days.
After the materials were cultured for 3 days, the biocompatibility of

the materials was evaluated with 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide [MTT, Sigma] assay. Briefly, at an
indicated time point, the samples were transferred to a new 24-well
plate and washed three times with PBS. Then, 750 μL of a complete
medium with 75 μL of MTT (5 mg/mL in PBS) was added to each
disk. After incubation for 4 h at 37 °C in the dark, the MTT solution
was removed, and the formazan crystals were dissolved in 400 μL of
dimethyl sulfoxide for 20 min. The optical density value of the
dissolved solute was measured with an ELISA plate reader (Varioskan
Flash 3001, Thermo, Finland) at 570 nm.

3. RESULTS AND DISCUSSION
3.1. LBL Process Assay. The LBL process scheme and ζ

potential of the indicated samples are shown in Figure 1. We

see that during the LBL process the ζ potential changed
accordingly. At first, the ζ potential of PHB was −33.6 ± 0.8
mV, and the ζ potential of PHBP changed to 24.0 ± 2.0 mV
after formation of the PEI film. Meanwhile, the X-ray
photoelectron spectroscopy (XPS) N 1s high-resolution spectra
(Figure S2 in the SI) show that, compared to PHB, both PHBP
and PHB-PAMAM exhibited evident N 1s peaks at 400 eV,
which also demonstrated that PAMAM or PEI was deposited
on the surface of PHB successfully. After that, the trend of the ζ
potential alternated between negative and positive with the
formation of HA and PAMAM films, which demonstrated that
the LBL process was successful. The HA outer layer showed
negative charge and the PAMAM outer layer positive charge
under neutral conditions.20−22

QCM-D was also used to characterize the LBL process, and
the results are shown in Figure 2. We see that at the beginning,
after a HA solution was introduced to PHBP, ΔF decreased
during the first 3 min. Then, the decline rate reduced, and ΔF
reached −20.1 Hz after 10 min. This indicated that there was
an increase of mass,23 which was caused by the deposition of
HA molecules onto the substrate. Meanwhile, there was no
change of ΔF after PBS addition, which indicated that the
interaction between the HA molecules and PHBP was strong
and the HA layer was stable. When a PAMAM solution was
introduced, the trend was similar to that of a HA solution and
ΔF reached −76.8 Hz. However, after reaching a balance, ΔF
increased slightly when PBS was added, which indicated that

part of PAMAM bonded weakly to the substrate and was
washed off by PBS. During the LBL process, ΔF (the frequency
change of resonator) changed in value, which illustrated that
the HA/PAMAM multilayer was prepared layer by layer
successfully.
We used ΔF−ΔD plots from the QCM-D results to illustrate

the structure of the multilayers on the surface (ΔD is the
dissipation factor change of the resonator), and the results are
shown in Figure 3. As reported, a larger slope of the plots

means that the films had a looser structure.24 Figure 3a shows
that the slopes of the plots changed during multilayer
formation, which indicates that the structure of each layer
was different. For example, Figure 3b shows the ΔF−ΔD plots
of the sixth bilayer. We see that, during the addition of a HA
solution, the slope of the plots could be divided into three steps
(steps 1−3 in Figure 3b). At first, HA was adsorbed quickly
onto the surface (step 1). Second, the chains of HA were
rearranged to adsorb more HA, which tended to make the film
looser (step 2). Third, as in step 3, the increase in ΔF and ΔD
indicates that the mass of the film decreased and the
construction of the film became even looser. This might be
caused by cross-linking between HA and PAMAM, which

Figure 1. LBL process schemes and ζ potential of the indicated
samples. The drops mean that the sample was treated with the
referenced liquid solutions, and the number of drops means the
number of layers formed on the substrate.

Figure 2. Frequency change (ΔF) and dissipation change (ΔD) of the
resonator during the LBL process with QCM-D assay. Data were
collected from the third overtone.

Figure 3. ΔF−ΔD plots during the LBL process with QCM-D assay:
(a) whole LBL process forming the first and eighth bilayers; (b) sixth
bilayer process. Data were collected from the third overtone.
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causes extrusion of the water molecules. These water molecules
lead to a decrease in mass and some holes in the film, which
caused the film to become looser. Formation of the PAMAM
layer could also be divided into three steps (steps 4−6 in Figure
3b). However, it was different from that of the HA layer. At
first, the PAMAM molecules were adsorbed quickly onto the
surface (step 4), which was similar to HA. After that, the
decrease in ΔF and the balance of ΔD in step 5 indicate that
more PAMAM molecules were adsorbed on the surface and the
PAMAM layer became denser. Thus, the globular PAMAM
structure became elliptical. Finally, the decrease in ΔF and the
increase in ΔD in step 6 indicate that more globular PAMAM
molecules were adsorbed onto the surface. At this step, these
PAMAM molecules could maintain their structure because of
intermolecular repulsion.
3.2. BSA Adsorption Assay. The results above show that

the HA/PAMAM multilayer can be prepared on the PHBP
substrate layer by layer. We then chose PHBP-H4 as the HA
outer sample and PHBP-P4 as the PAMAM outer sample for
the next experiments. The interaction between the protein and
surface of the material will impact the bacterial response on the
material. Protein adsorption will promote adhesion and growth
of bacteria on the surface of the material.25 Thus, a resistance
protein adsorption surface is beneficial to improve the
antibacterial property of the material. Then, we used QCM-D
to characterize the antiabsorption activity of the indicated
samples to BSA, and the results are shown in Figure 4. After

introduction of the BSA solution, the frequency of PHB was
−25.2 Hz when the BSA adsorption was balanced, and the
values of PHB-PAMAM, PHBP-H4, and PHBP-P4 were −15.6,
−9.1, and −13.5 Hz, respectively. This indicates that all of the
samples with films presented anti-BSA adsorption. The
adsorption mass of BSA calculated from Figure 4 with Q-
Tools (data processing software of QCM-D) is shown in Table
S2 in the SI. This shows that the mass of BSA on PHB was 446
ng/cm2. Compared to that on PHB, the masses of BSA on
PHB-PAMAM, PHBP-H4, and PHBP-P4 were reduced by
38.1%, 64.1%, and 46.6% and had values of 276, 160, and 238
ng/cm2, respectively. The anti-BSA adsorption trend was
PHBP-H4 > PHBP-P4 > PHB-PAMAM, which is similar to
the hydrophilicity trend of the samples shown in Figure S3 in
the SI. Because the hydrophobic surface was prone to protein
adsorption,26 the hydrophilic HA in the multilayers could
inhibit BSA adsorption.27,28

3.3. Antimicrobial Activity Assay. The construction of a
bacterial antiadhesion surface is a suitable way to resolve
biomaterial-associated infection. In order to know whether the
films we prepared have the activity of bacterial antiadhesion, we
also used QCM-D to monitor the real-time interaction between
bacteria and surfaces. The results shown in Figure 5

demonstrate that, compared to the PHB, all of the surfaces
with multilayers presented antiadhesion activity to E. coli. After
infusion of a bacterial solution for 3 h, the frequency of PHB
was −56.7 Hz, while those of PHB-PAMAM, PHBP-P4, and
PHBP-H4 were −18.1, −10.7, and −8.2 Hz, respectively. There
was no change of the frequency after infusion with PBS. Using
the results in Figure 5 with Q-Tools, the mass values of E. coli
on PHB, PHB-PAMAM, PHBP-P4, and PHBP-H4 are shown
in Table S3 in the SI. Because HA has a negative charge, which
was the same as that of E. coli, it has the activity to inhibit
adhesion of bacteria.15,29 Accordingly, PHBP-H4 showed the
best antiadhesion behavior, and the bacteria amount reduced by
85.4% compared to that of PHB. Interestingly, although
PAMAM molecules showed a charge opposite to that of E.
coli, both PHBP-P4 and PHB-PAMAM showed bacterial
antiadhesion behavior. The masses of bacteria were about
19.0% and 32.0% of that on PHB. This may be because
PAMAM had bactericidal properties toward E. coli, which led to
a loss of cellular content. Furthermore, the bacterial
antiadhesion behavior of PHBP-P4 was a little better than
that of PHB−PAMAM, which indicated that the PAMAM
molecules on the outer layer were affected by the HA molecules
under the outer layer. In addition, the antiadhesion trend of the
samples was also PHBP-H4 > PHBP-P4 > PHB-PAMAM,
which was similar to the anti-BSA adsorption and hydrophilicity
trends of the samples.
The bactericidal activity of the surface is also a suitable way

to resolve biomaterial-associated infection. Live/dead assay was
used as a viability indicator to characterize the antimicrobial
activity (containing bacterial antiadhesion activity and bacter-
icidal activity) of the samples, and the results are shown in
Figure S4 in the SI. They show that PHB-PAMAM, PHBP-H4,
and PHBP-P4 presented bacterial antiadhesion activity against
E. coli compared to PHB after 3 h and have a trend similar to
that shown by the QCM-D results in Figure 5. Besides bacterial
antiadsorption activity, the PHB-PAMAM and PHBP-P4 that
we prepared also had bactericidal activity. As shown in Figure
S4 in the SI, most of the bacteria on PHB-PAMAM and PHBP-
P4 were killed (which showed red fluorescence). However, the
bacteria on PHBP-H4 were alive (which showed green
fluorescence).
In order to characterize the antimicrobial activity of the

samples quantitatively, the colony counting method was used,
and the results are shown in Figure 6a. Compared to PHB,
PHB-PAMAM, PHBP-H4, and PHBP-P4 showed evident
antimicrobial activity. The live bacterial amounts on these
surfaces were approximately 33.9%, 36.4%, and 27.8%,
respectively, compared to that on PHB. Figure 6b shows that,
after degradation for 14 days, PHB-PAMAM, PHBP-H4, and
PHBP-P4 could also show good antimicrobial activity, and the
live bacterial amounts on these surfaces were approximately

Figure 4. QCM-D assay for BSA adsorption on the indicated samples.
Black arrows indicate the times of PBS additions, and purple arrows
indicate the times of BSA solution rinses.

Figure 5. QCM-D assay for bacterial adhesion on the indicated
samples. Black arrows indicate the times of PBS additions, and purple
arrows indicate the times of bacterial solution rinses.
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47.3%, 36.9%, and 31.2%, respectively, compared to that on
PHB. This demonstrates that the multilayers on the substrate
had good stability.
3.4. Biocompatibility Assay. The biocompatibility of the

samples was characterized with MTT assay, and the results are
shown in Figure 7. Although other papers reported that

PAMAM was toxic, PHB-PAMAM showed biocompatibility
similar to that of PHB. This may be caused by the low loading
amount of PAMAM on the surface.30 Meanwhile, as the HA
molecule has a specific role in improving the adhesion of
cells,31,32 the PHBP-P4 has the best biocompatibility. The
number of cells on PHBP-P4 was approximately 1.27 times that
on PHB. The results illustrated that the surfaces that we
prepared had good biocompatibility as biomaterials.

4. CONCLUSION
In this paper, a HA/PAMAM multilayer was prepared on the
P(3HB-4HB) substrate by a LBL self-assembly method. After
modification, all of the samples showed good antimicrobial
activity and biocompatibility. Among the samples, PHBP-H4
only presented bacterial antiadhesion activity, while PHBP-P4
presented both bacterial antiadhesion activity and bactericidal
activity. Meanwhile, the antimicrobial activity of these films
could last up to 14 days. The HA molecules in PHBP-P4 also
improved the biocompatibility of the film. Above all, the
samples that we prepared with HA and PAMAM by a LBL
process show considerable potential as antibacterial biomate-
rials.
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