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Sustained antibacterial release of zwitterionic
globular hyperbranched polymer dots intercalated

into layered double hydroxidesT

Chun-Kuei Liu,® Fang-Yi Su,® Tzong-Yuan Juang

*® and Yung-Chuan Liu*®

This study introduces zwitterionic hyperbranched polymer (HBP) dots intercalated into layered double
hydroxides (LDHs) for sustained antibacterial release. The proposed zwitterionic HBPs possess a three-

dimensional spherical structure;

unconventional blue fluorescent luminescence; water solubility;

abundant COOH, amine, and amide functional groups; anionic exchangeability for intercalating into LDH
interlayers; and sustained-release antibacterial activity. The intercalation for the layered nanomaterials

was determined by adding different weight ratios of HBPs to Mg—Al LDHs to investigate the changes in
the interlayer distance. X-ray diffraction revealed that the LDH layer spacing increased from 8.6 to 25.5
A, effectively expanding the interlayer spacing with increasing HBP intercalation. Additionally, Fourier-

transform infrared spectroscopy revealed the functional groups of the intercalated nanohybrids. Because
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the peripheral functional groups of HBPs are amino (—NH>) groups, preliminary evaluations revealed that

pristine HBPs exhibited antibacterial properties. We further examined the antibacterial properties of the
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1 Introduction

The combination of organic polymers with inorganic layered
clays as multifunctional nanostructured materials has recently
become a hot research topic.'* One approach involves inter-
calating organic molecules into layered nanomaterials, which
enables their broad range of applications in catalysis, adsorp-
tion, and biomedical science.*”

Hyperbranched polymers (HBPs) are compounds that lie
between crosslinked and branched polymers®® and possess
highly branched three-dimensional organic structures, abun-
dant end functional groups, and good solubility in solutions.
Their highly branched three-dimensional spherical nano-
structures render HBPs as being ideal candidates for various
applications. Notably, because of their spherical and internally
hollow structures, HBPs can be utilized for drug encapsulation
and can serve as excellent nanocontainers that can accommo-
date a diverse range of molecules." Additionally, different
noncovalent interactions, such as hydrophobic interactions,
hydrogen bonding, and ionic interactions,*'"*> can be utilized
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HBP/LDH nanohybrids. The results showed that HBPs combined with LDHs' controllable release
properties can effectively achieve long-term sustained antibacterial release.

to change the external functional groups and, thus, alter the
physicochemical properties of HBPs. Furthermore, drugs in
HBP-based drug systems can be delivered by conjugation with
drugs in HBPs. For example, in active targeting, a target site
directly attached to the nanocarrier surface is inserted into the
drug delivery system for increasing the cellular uptake of the
nanocarrier to effectively deliver its drugs and enhance the
cellular specificity.” These cell-targeting modalities specifically
interact with receptors on endothelial cells from which cancer
or blood vessels arise, enhancing nanocarrier binding and
rendering active cell targeting particularly useful for cancer
treatment because of the reduced delivery of potentially toxic
drugs to healthy tissues.®**

Anionic clays, layered double hydroxides (LDHs), also known
as hydrotalcite-like materials, are natural minerals and easily
synthesized in the laboratory. LDHs exhibit high adsorption
capacities and affinities for various anions, including OH™, Cl
and NO; ™, and organic anions, such as benzoate or adipate, and
even complex biomolecules, such as drug molecules and
DNA.*'* These anions interact with the interlayer space of
LDHs. A series of nanomaterials assembled through intercala-
tion with various compounds is referred to as layered
nanohybrids.*”*7"*°

Because of their layered structures and exchangeable inter-
layer ions, LDHs are a class of compounds possessing charge
interactions between layers, allowing for ion exchange.'®”*° This
property enables LDHs to possess positively charged surfaces
balanced by interlayer hydrated anions. Ion exchange is crucial

© 2024 The Author(s). Published by the Royal Society of Chemistry
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for synthesizing LDHs with larger anionic clusters. Through the
control of parameters such as temperature and pH during ion
exchange, not only the original lattice structure of LDHs can be
preserved but also the types and quantities of interlayer anions
can be designed and assembled. In the presence of strong polar
molecules, the ion exchange or intercalation of layered
compounds can be utilized to synthesize many complexes. For
instance, the intercalation of folic acid, used to treat various
forms of cancer and prevent vitamin deficiencies, may be
possible.” In controllable release systems, the resulting nano-
hybrids could reduce the continuous release of drug doses during
the disease treatment, thereby prolonging their effectiveness.
Furthermore, LDHs are also applied in water treatment for
adsorbing and removing pollutants, such as heavy metal ions
and organic pollutants, which are important for improving water
quality and environmental protection.®?* LDHs are also
employed in nanocatalysis to enhance the efficiency and selec-
tivity of chemical reactions, promoting green and sustainable
chemical syntheses.”® LDHs play important roles in environ-
mental applications, agricultural improvement, and biomedical
applications, all of which address contemporary challenges and
demonstrate more advanced applications.**"**>

In this study, we intercalated zwitterionic globular HBPs into
LDH interlayers by embedding HBPs within Mg-Al LDH nano-
layers via ion exchange. The resulting nanostructured hybrids
exhibited ion exchange and pH-responsive controlled release
properties. We explored their antibacterial efficacies and
investigated the temporal aspects of their effectiveness.

2 Materials and methods
2.1 Chemicals and instruments

All the chemicals used in the experiments were analytical grade.
Nutrient agar was obtained from Difco™, BD. Lysogeny broth
(LB) was purchased from Miller, Scharlau. Ampicillin (Amp50)
sodium salt and quinine sulfate dihydrate were purchased from
Sigma-Aldrich, and ethylenediaminetetraacetic dianhydride
(EDTAD) was purchased from TCI. Jeffamine® T-403 poly-
etheramine (T403) was purchased from Huntsman, and N,N-
dimethyl formamide (DMF) was purchased from Duksan.
Tetrahydrofuran (THF) was purchased from Macron. Magne-
sium nitrate hexahydrate (Mg(NO3),-6H,0) was obtained from
Merck. Aluminum nitrate enneahydrate (Al(NOj3);-9H,0),
sodium hydroxide (NaOH), and hydrochloric acid (HCIl) were
procured from local dealers.

The instruments utilized in this study included a thermal
field emission scanning electron microscope (FE-SEM; 7800F,
JSM), a superconducting magnet nuclear magnetic resonance
spectrometer (NMR; 600/54, Agilent Technologies), a trans-
mission electron microscope (TEM; JEM-1400, JEOL), and
a cryogenic scanning electron microscope (SEM; JSM-6700F,
JEOL).26_28

2.2 Synthesis and characterization of HBPs

We used an A, + B; strategy for the one-pot syntheses of the
HBPs.” Briefly, T403 and EDTAD were adopted as the A, and B;
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molecules, respectively. A THF solution of T403 was added
dropwise to the EDTAD solution (at approximately 1 drop per
second) under nitrogen at 0 °C. Then, the mixture was contin-
uously stirred and slowly warmed to room temperature. Upon
the completion of the reaction, the product was filtered and
dried in a vacuum oven at 60 °C for 24 h to yield the HBPs. The
critical aspects of the chemical structural features (Fig. 2(a)),
NMR and molecular weight of HBPs were thoroughly charac-
terized in our previous study.** The molecular weights of the
HBPs were determined to be greater than 3500 Da, based on
dialysis methods, as their insolubility in THF and DMF via GPC
measurement.*

2.3 Preparation of LDHs

To synthesize the Mg-Al nitrate LDHs, deionized water was
boiled to eliminate any CO,. Magnesium and aluminum
nitrates were thoroughly mixed at a 2/1 molar ratio and
completely dissolved in the boiling deionized water. The
aqueous solution was then cooled to approximately 60 °C and
stirred under N, to minimize the CO, content. Subsequently,
the solution pH was adjusted to 10 £+ 0.2. The mixture was
stirred continuously at 60 °C under N, for 16 h. After the
completion of the reaction, the solution was centrifuged to
remove the water. The resulting white precipitate, Mg-Al nitrate
LDHs, was stored in a refrigerator at 4 °C for 12 h.'**"”

2.4 Preparation of HBP-intercalated LDHs

LDH solutions (64, 32, and 16 mg mL ') were uniformly mixed
with an HBP solution (32 mg mL™") at HBP/LDH weight ratios of
2/1, 1/1, and 1/2. The mixtures were continuously stirred under
N, at 80 °C for one day. The resulting precipitates obtained from
centrifugation were the HBP/LDH nanocomposite materials.

2.5 Assays

2.5.1 Quantum yield. Quantum yield (QY) refers to the ratio
of molecules in the excited state that return to the ground state
by emitting fluorescence® and is expressed as a fraction of the
total number of molecules in the excited state as follows:

by = P (IX/IR)(AR/AX)("?X/WR)Za (1)

where @ represents the QY; I represents the integrated area of
the fluorescence emission spectrum; A is the absorbance at the
excitation wavelength in the absorption spectrum; and 7 is the
refractive index of the solution. Subscripts R and X represent
the standard and sample, respectively. The standard refers to
quinine sulfate dissolved in 0.1 M aqueous H,SO,4, possessing
a QY (Pg) of 54%.

2.5.2 Analysis of interlayer spacing. X-rays are emitted
because of transitions in the inner electron shells of atoms
impacted by high-velocity electrons.®> When light scatters
within a crystal lattice possessing an orderly arrangement of
atoms, interference occurs. If the distance between scattering
centers is on the same order of magnitude as the wavelength of
the incident X-rays, the X-rays diffract.

RSC Adv, 2024, 14, 31694-31703 | 31695


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra05587j

Open Access Article. Published on 07 October 2024. Downloaded on 8/16/2025 10:53:57 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

Bragg's Law is an equation that describes the relationship
between the X-ray diffraction angle and spacing between crystal
atomic layers. According to Bragg's Law, X-rays constructively
interfere when the parameters satisfy the Bragg equation as
follows:

2dsin 0 = na, (2)

where d represents the separation spacing between parallel
atomic planes in a crystal, and A and 6 are the wavelength and
angle of the incident light, respectively.

2.5.3 Antibacterial activity. The antibacterial activity was
analyzed using the following approach:* Escherichia coli (E. coli,
pUC19/DH50 strain, was gifted from Prof. Cheng at NCHU) was
streaked on LB agar containing 50 pg mL™' of Amp50 and
incubated at 37 °C for 16 h. A single colony was inoculated in
5 mL of LB containing Amp50 and incubated at 37 °C for 16 h. A
200 pL aliquot of the resulting bacterial culture was inoculated
in 5 mL of LB broth containing Amp50 and cultured at 37 °C
until ODgq, reached 0.7 (approximately 2.5 h). Subsequently,
150 pL of the bacterial culture was mixed with 5 mL of 0.75%
sterile agar at approximately 45 °C, poured into a culture dish,
and allowed to solidify at room temperature before use.

For the antimicrobial activity assay, 10 pL of the test sample
solution was dropped onto the agar plate with the bacterial
lawn. The plates were then placed in a constant-temperature
incubator at 37 °C for 16, 24, 48, and 72 h. Inhibition zones
were observed and recorded, and the inhibition zone sizes were
measured.

2.5.4 Cellviability. This study chose normal human cells as
the research focus. The ability of HBP/LDH to repair skin cells
was evaluated using human epidermal keratinocytes (HaCaTs)
to assess HBP/LDH wound-healing potential.

HaCaTs were incubated at 5 x 10° cells per well in a 96-well
plate for 24 h to allow for cell adhesion. Then, different HBP/
LDH concentrations were added to the wells, and the plate
was reincubated for an additional 24 h. Subsequently, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
solution (20 pL per well) was added, and the plate was reincu-
bated for another 3 h. The supernatant was removed, 200 pL of
dimethyl sulfoxide (DMSO) solution was added, and the
absorbances measured at 570 nm  using
a spectrophotometer.?*3*

were

3 Results and discussion
3.1 Characteristics of HBP-intercalated LDHs (HBP/LDH)

3.1.1 XRD assay. XRD was utilized to examine the crystal
structures of the HBP/LDH prepared at weight ratios of 2/1, 1/1,
and 1/2. As shown in Fig. 1, the interlayer spacing was 8.7 A for
the LDHSs.*® According to previous research, the HBP diameter is
approximately 2.7 nm.*® For different weight ratios, signals
appeared at approximately 3°-4°, indicating interlayer spacings
of 21.8-25.5 A.*” With increasing HBP intercalation, the signal
corresponding to the intercalated interlayer spacing intensified.
In comparison, the XRD pattern of the pristine LDHs exhibited
a signal at 10.4°, which disappeared after intercalation,
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\\ 20=3.9°=22.6A

(d) HBP:LDHs=2:1

(c) HBP:LDHs=1:1

20=4.04°=21.8A

\“N 0=10.4°=8.7A

Relative Intensity (a.u.)

Diffraction angle (26)

Fig.1 XRD patterns of (a) pristine LDHs and HBP/LDH = (b) 1/2, (c) 1/1,
and (d) 2/1.

indicating that the 3D HBPs clearly intercalated the interlayer
space, expanding the interlayer spacing and shifting the peak.*”

These XRD patterns suggest that HBPs intercalated the
LDHs. The LDH interlayer spacing was extended from 8.0 to
approximately 24 A or more. Fig. 2 shows a schematic of the
HBP intercalation of LDHs. It is noteworthy that the interlayer
spacing of LDH did not increase in proportion to the relative
increase in the amount of the intercalating HBP. This
phenomenon may be attributed to two factors: the strong
interlayer attraction forces inherent to LDH and the globular
structural characteristics of the intercalated HBPs. First, the
interlayer attraction forces in LDH are inherently stronger than
other cation-exchange clays, such as montmorillonite and
mica,'®'** which may result in only partial HBP intercalation.
Second, the size and branching of HBPs may limit their ability
to fully expand the interlayer spacing.*® The three-dimensional
spherical structure of HBP, with a molecular weight exceeding
3500, likely restricts its ability to fully penetrate the confined
interlayer spaces of LDH, even when higher concentrations are
used to drive the intercalation process. Above effect can limit
the extent of LDH interlayer expansion during HBP
intercalation.

3.1.2 FTIR assay. The Fourier-transform infrared (FTIR)
spectra of the HBP-intercalated LDHs prepared at different
weight ratios (w/w) are shown in Fig. 3. The spectrum of the
pristine LDHs exhibited O-H and NO; "~ stretching peaks at 3468
and 1384 cm™ ', respectively.® In the spectra of the HBP/LDH
prepared at different weight ratios, these signals weakened at
the same positions, and signals appeared at 1664 and
1582 cm ™, corresponding to C=0 stretching peaks and amide
bonds, suggesting that in the HBP/LDH prepared at different
weight ratios, the HBP carboxyl and amide functional groups
exchanged anions with NO; ™, releasing NO; ™ into the solution
and weakening the NO;  signal. Moreover, signals corre-
sponding to C=0 stretching peaks and amide bonds emerged.

3.1.3 Fluorescence assay. The intercalation of different
weight ratios of HBPs into LDHs was verified based on the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Schematic of (a) HBP chemical structure and (b) HBP intercalation of LDHs.
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Fig. 3 FTIR spectra of (a) pristine LDHs and HBP/LDH = (b) 1/2, (c) 1/1,
and (d) 2/1.

unconventional fluorescence of HBPs (Fig. S17}). Fig. S21 shows
the intercalation of different weight ratios of HBPs into LDHs
according to the fluorescence observed in daylight and under
ultraviolet (UV) light. Clearly, these samples still exhibited
fluorescence under UV light irradiation (at 360 nm). Therefore,
the Tyndall effect confirmed that the solution contained
nanoparticles.

UV-visible (vis) spectra were employed to analyze the inter-
calation of different weight ratios of HBPs into LDHs. In the
range 200-300 nm, C=0 m-7* transitions appeared, while n—-
7* transitions appeared in the range 300-400 nm, indicating
the presence of carbonyl or amino groups in the LDH solution
(Fig. S371),* which contained HBP nanoparticles and exhibited
unconventional fluorescence behavior.

In previous studies, HBPs exhibited optimal emission at
awavelength of 360 nm.* In this study, HBPs (pH 10) were used
to intercalate LDHs at different weight ratios and observe their
fluorescence. As shown in Fig. S3,1 different weight ratios of
HBPs were intercalated into the LDHs, and all the samples

© 2024 The Author(s). Published by the Royal Society of Chemistry

showed good linear fluorescence within the margin of error and
emission at 440 nm. However, compared with the fluorescence
detected at different HBP concentrations in previous studies,
the fluorescence of the HBP solution substantially weakened
after the HBPs were intercalated into the LDHs, suggesting that
the HBPs had intercalated the LDH interlayer and that the
corresponding fluorescence weakened because the LDH inter-
layers blocked the HBP fluorescence.

3.2 Photoluminescence of HBP/LDH at different pH values

As mentioned in Section 3.1.3, the intercalation of HBPs into
the LDHs substantially weakens the HBP fluorescence. Next, we
adjusted the solution pH after intercalation and observed the
resulting HBP fluorescence. As shown in Fig. S2,T after different
weight ratios of HBPs were intercalated into LDHs, the solution
(pH 10) appeared white and turbid in daylight but exhibited
fluorescence under UV light. Upon adjusting the solution pH to
7 and 4, the solution gradually appeared clearer in daylight and
maintained fluorescence under UV light. Further observation of
the fluorescence during excitation at 360 nm (Fig. S27) revealed
that at pH 10, the HBP/LDH = 2/1 solution emitted weaker
fluorescence, which gradually intensified after neutralizing and
acidifying the pH and even surpassed the fluorescence intensity
of the pristine HBP solution. It is noteworthy that the observed
changes can be attributed to the release of intercalated HBP
upon LDH disintegration in environments with pH levels below
5. The structures of the synthesized LDHs were sensitive to pH
variations. When exposed to acidic conditions with a pH below
5, LDH dissolution occurs, leading to the disintegrated of LDH
layers into Mg”* and AI** salts that dissolve in water.* Conse-
quently, HBP embedded within the LDH can be released as the
LDH disintegrates at pH 4, resulting in an increased fluores-
cence intensity. This is evidenced by the enhanced fluorescence
intensity at pH 4 (red line) compared to pH 7 (blue line) and pH
10 (green line) for HBP/LDH samples with ratios of (a) 2/1, (b) 1/
1, and (c) 1/2 in Fig. 4. This observation is also consistent with
the findings in Section 3.1.3, where it was noted that the
intercalation of HBPs into LDHs substantially weakens HBP
fluorescence. This attenuation is attributed to the LDH

RSC Adv, 2024, 14, 31694-31703 | 31697
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interlayers obstructing the fluorescence of the HBP. Further-
more, the reverse process of intercalation and subsequent
disintegration of the LDH represents a useful pH-sensitive and
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———HBP only
—— HBP/LDH=2/1,pH4
200 —— HBP/LDH=2/1,pH7
—— HBP/LDH=2/1,pH10
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Fig. 4 Photoluminescence of HBP/LDH = (a) 2/1; (b) 1/1; (c) 1/2
solutions.
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self-destructive mechanism for controlling and releasing inter-
calated HBP molecules. As shown in Fig. 4, at HBP/LDH = 1/1
and 1/2, when the solution was acidified (pH 4), the fluores-
cence intensity only partially recovered to that of the pristine
HBP solution, which can be attributed to the reduced HBP
proportion or increased LDH proportion. Although acidification
gradually detached the LDH layers, the layers did not
completely disappear. Therefore, the fluorescence gradually
appears but does not fully manifest, resulting in fluorescence
weaker than that of the acidic (pH 4) intercalated solution (HBP/
LDH = 2/1).

3.3 QYs of HBP/LDH solutions

The QYs of the aqueous HBP/LDH solutions (pH 10) interca-
lated at different weight ratios were measured at the optimal
excitation of 360 nm. Quinine sulfate, possessing a QY of 54%,
was employed as a standard.**** By incorporating photo-
luminescence and UV-vis spectral data into eqn (1) for calcu-
lating QYs, the fluorescence QYs of the HBP/LDH = 2/1, 1/1, and
1/2 solutions (original solution, pH 10) were 0.80, 0.82, and
0.77%, respectively, all within the error range.

Furthermore, by adjusting the pH to gradually strip the LDH
layers in neutral and acidic solutions, the QY progressively
increased (Table 1). For the neutral (pH 7) HBP/LDH = 2/1, 1/1,
and 1/2 solutions, the QYs were 1.04, 1.02, and 1.02%, respec-
tively. Further acidifying the HBP/LDH = 2/1, 1/1, and 1/2
solutions (pH 4) gradually recovered the QYs to 1.73, 1.60,
and 1.57%, respectively, approximately double the QY of the
original HBP solution (pH 10) and confirming that acidification
gradually detaches LDH layers without them completely dis-
appearing. This enabled the QY to gradually recover but not
fully return to the QY of the original HBP solution.*

3.4 HBP/LDH particle sizes

According to dynamic light scattering measurements,** the
average particle sizes of the HBP/LDH = 2/1, 1/1, and 1/2 (w/w)
solutions were in the range of approximately 100-300 nm
(Fig. S47). In comparison, the average particle size of the pris-
tine LDHs was approximately 300-400 nm. Because of their
inherent charge and hydrophilic functional groups, HBPs
enhanced the dispersion and reduced the aggregation of LDHs
during intercalation. Consequently, the intercalated particles
were slightly smaller than the pristine LDHs.

Table 1 QYs of HBP/LDH solutions

Sample pH QY (%)
HBP/LDH = 2/1 10 0.80

7 1.04

4 1.73
HBP/LDH = 1/1 10 0.82

7 1.02

4 1.60
HBP/LDH = 1/2 10 0.77

7 1.02

4 1.57

© 2024 The Author(s). Published by the Royal Society of Chemistry
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3.5 Images of HBP/LDH

As shown in Fig. 5(a—c), the TEM images of HBP/LDH = 2/1, 1/1,
and 1/2 (w/w), respectively, show a singular lamellar structure,
suggesting that when different weight ratios of HBPs interca-
lated LDHs, the HBPs embedded in the LDH interlayer and
promoted anion exchange. Consequently, the HBPs were
encapsulated in the LDHs, transforming the larger aggregated
LDH lamellar structure to smaller, individual lamellar
structures.

3.6 Antibacterial activity assay

3.6.1 Antibacterial activity of HBPs. We used different pH
values and HBP concentrations to test the HBP inhibitory
activity against E. coli pUC19/DH5a. The results indicated that
at a concentration of 2V, as N decreases in a semidilution series,
the inhibition zone shrinks, revealing decreased antibacterial
activity (Fig. S5(a)t). This is attributed to the highly branched
structure, terminal functional groups, and charge of the zwit-
terionic HBPs,'»** enabling HBPs to inhibit bacterial growth.
However, at 4 mg mL ™" of HBPs and different pH values, the pH
negligibly altered the size of the inhibition zone at the same
HBP concentration (Fig. S5(b)f). Hence, the antibacterial
effectiveness of HBPs remained relatively constant at the same
concentration, irrespective of the pH. One of the proposed
antibacterial mechanisms is driven by the membrane-
disruptive properties of these cationic surfactants, which
interact with the negatively charged bacterial cell wall through
their abundant cationic groups. This interaction compromises
the integrity of the cell wall, leading to its rupture and ulti-
mately resulting in cell death. The membrane-disruptive char-
acteristics of these cationic surfactants have been confirmed
through enzymatic assays involving E. coli and are considered
a primary mechanism underlying their antibacterial activity.***
This is consistency with our HBPs possess the peripheral
functional groups of amino (-NH;') cationic groups with
observed antibacterial properties.

3.6.2 Antibacterial activity of HBP-intercalated LDHs.
Subsequently, we investigated the antibacterial activities of
HBP/LDH intercalated at various weight ratios (w/w). We have
performed the inhibition zone measurements from the first test
(I) for each day observation and second formal runs (II). The raw
data of first test run reflects inhibition zones of both the raw

(a)

.2.0.‘““‘211 ’

ZO nm

Fig. 5 TEM images of HBP/LDH = (a) 2/1; (b) 1/1; (c) 1/2.
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HBP and HBP/LDH samples, observed from day 1 through day 5
across three replicate experiments with varying HBP/LDH
weight ratios. In the first run (I), the experiment concluded on
day 5 as the pristine HBP solution became fully overgrown with
bacteria, leading the inhibition zones indistinguishable. In
contrast, the HBP/LDH intercalated solutions exhibited gradual
expansion of the inhibition zones, which led us to perform the
second formal experiment. Fig. 6 represents the results from the
second run (II), where data was collected on days 1, 3, and 5,
informed by the observations made in the first run. On the first
day, the intercalated solutions exhibited smaller inhibition
zones compared to the pristine HBP solution at the same
concentration (Fig. 6(a) and (b)). However, by the fifth day, the
inhibition zones of the intercalated solutions gradually
expanded. In contrast, on the fifth day, the inhibition zone of
the pristine HBP solution was fully overgrown with bacteria,
indicating that the HBP/LDH antibacterial activity was slowly
released over time and that compared with the pristine HBP
solution, the HBP/LDH solutions maintained their antibacterial
effects for an extended period, demonstrating a sustained-
release application (Fig. 6(c)-(f)). To further quantify the anti-
bacterial activity of HBP, we employed Image] software to
analyze the inhibition zone area (in arbitrary units, AU). This
analysis enabled us to establish a correlation between HBP
concentration and the inhibition zone area. A linear relation-
ship was identified between HBP concentrations of 4, 8, 16, and
32 mg mL ™" and their corresponding inhibition zone areas, as
represented by the equation Y = 21.0X + 170.0 (Fig. 7). This
finding demonstrates that higher HBP concentrations result in
larger clear inhibition zones, offering a quantitative approach
for evaluating the antibacterial activity of HBP through Image]
analysis.

3.7 Cell viability assay

We used MTT assays to evaluate the cellular viability of the HBP/
LDH = 2/1. According to the medical device biocompatibility
standard (ISO 10993) in vitro cytotoxicity test, if the cell viability
is below 70%, the device is potentially cytotoxic. In this study,
a standard for maintaining cell viability above 80% was set to
assess whether HBP/LDH exhibited reduced cytotoxicity.
Various concentrations (0, 50, 100, 300, and 500 ug mL ') of
HBP/LDH were tested for toxicity against human keratinocytes

()

i 20 nm
£ =
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(a) HBPs at different concentrations as (b) Intercalation of HBPs at different
mg/ml HBP/LDH weight ratios

(c) HBPs at different concentrations as (d) Intercalation of HBPs at different
mg/ml HBP/LDH weight ratios

(e) HBPs at different concentrations as  (f) Intercalation of HBPs at different
mg/ml HBP/LDH weight ratios

Fig. 6 Inhibition zones of (a, c and e) pristine HBPs and (b, d and f) HBP/LDH at different HBP/LDH weight ratios at days (a and b) 1; (cand d) 3; (e
and f) 5.

HaCaT cells for 24 h. The results demonstrated that at all the mL™", the cell viability remained above 80%, indicating low
concentrations, HBP/LDH exhibited extremely high cell viabil- cytotoxicity. Skin HaCaT cells were treated with HBP/LDH for
ities. Even at the highest HBP/LDH concentration of 500 pg 24 h to assess whether HBP/LDH could induce short-term
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Fig. 7 The relationship between HBP concentration and their corre-
sponding inhibition zone area as function of Y = 21.0X + 170.0.
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Fig. 8 Effects of HBP/LDH = 2/1 on skin HaCaT cell viability.

toxicity. These results indicate the potential combination of
HBP/LDH with drugs for application to wound dressings or
drug delivery carriers (Fig. 8).

4 Conclusions

This study investigated the preparation and analysis of HBPs
and LDHs and examined their structures and properties.
Additionally, LDHs were used as a layered carrier, various
weight ratios of HBPs intercalated between the LDH layers
through intermolecular forces, and the subsequent structural
transformations were observed. The HBP/LDH characteristics
were identified, and the antibacterial activity was investigated
as follows: the structures and characteristics of the HBPs and
LDHs were determined through various analyses. The HBPs
exhibited an average particle size ranging from 10 to 30 nm, and
TEM images revealed that the HBPs possessed a spherical
morphology. XRD patterns indicated that the LDH interlayer
spacing was extended from 8.0 to approximately 24 A or more
for HBP/LDH. FTIR spectra revealed that HBPs comprised
carboxyl and amino functional groups, while LDHs exhibited
signals corresponding to O-H and NO;~ stretching peaks.
Furthermore, the HBP antimicrobial tests revealed the genera-
tion of an inhibition zone, which size increased with increasing

© 2024 The Author(s). Published by the Royal Society of Chemistry
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HBP concentration, indicating that HBPs possessed antimi-
crobial activity.

Next, different weight ratios (w/w) of HBPs were intercalated
into the LDH interlayer, and the HBP/LDHs were characterized.
XRD patterns revealed an expanded interlayer spacing ranging
from 21.8 to 25.5 A compared to the original LDH interlayer
spacing of 8.6 A. This allows for the intercalation of HBPs into
the LDH interlayer and subsequent expansion of the interlayer
spacing. After intercalation, TEM images showed a change in
the original sheet-like structure of the LDHs, indicating defor-
mation caused by the intercalation of the HBPs into the inter-
layer. Lastly, the HBP/LDH intercalated nanohybrids employed
in antimicrobial activity tests possessed antimicrobial capabil-
ities. Subsequent cytotoxicity assays revealed that HBP/LDH
exhibited low cytotoxicity on human keratinocytes HaCaT cell.
Compared with HBPs, the intercalated material evidently
exhibited a prolonged and controllable release of antimicrobial
agents over 5 days, implying the potential combination of HBP/
LDH with drugs for application to antimicrobial wound dress-
ings or biocompatible drug delivery carriers.
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