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ABSTRACT: Sphingan WL gum (WL) is an extracellular polysaccharide with a carboxyl
group produced by Sphingomonas sp. WG. Recently, we have successfully obtained deacetylated
WL (DWL) with good water solubility by alkaline treatment. In this study, a DWL-based
microgel (named DWLM) with semi-interpenetrating network structure was constructed for
the first time and used to deliver the oral drug ciprofloxacin hydrochloride (CIP). DLS results
suggested that DWLM had a dual response to pH and temperature. The in vitro cumulative
drug release curves showed that the amount of CIP released from the microgel was higher at
pH 6.8 than that at pH 3.0. Biocompatibility assessments using HEK293T showed that cell
viability was 75.9 ± 1.7% at the DWLM-CIP concentration of 4 mg/mL. While, the cell
viability of CIP at the same concentration was only 54.9 ± 1.0%, indicating that DWLM-CIP
has good biocompatibility. Antimicrobial performance tests revealed that DWLM-CIP at a
concentration of 1 mg/mL could effectively inhibit the growth of Escherichia coli for up to 4
days. When the concentration of DWLM-CIP reached 4 mg/mL, the growth of Staphylococcus
aureus was effectively suppressed for up to 3 days, demonstrating the long-lasting antimicrobial efficacy of DWLM-CIP. All of these
results indicate that DWL-based microgels have great potential as oral drug delivery carriers.

1. INTRODUCTION
Stimuli-responsive microgels have been developed as effective
drug delivery systems for a variety of therapeutic, imaging, and
diagnostic applications because of their tunable size, large
surface area, excellent loading capacity, and high stability.1,2

Various stimuli like pH, temperature, light, and magnetic fields
have been utilized for continuous or controlled drug release
through internal and external activation mechanisms.1,2 The
human gastrointestinal tract exhibits a significant pH gradient,
ranging from highly acidic in the stomach (pH 1−3), through
almost neutral in the small intestine, to weakly alkaline in the
colon (pH 6.5−7.5).3 These distinct pH regions in the
gastrointestinal tract make pH-responsive microgels suitable
candidates for oral drug delivery. In general, the volume
swelling and shrinkage of pH-responsive microgels are due to
deprotonation (COO−, pH > pKa) and protonation (COOH,
pH < pKa) of carboxyl groups in the polymer network.

4 For
example, Bai et al.5 synthesized microgels containing poly-
(acrylic acid) (PAA) components that collapsed in a pH 1.2
simulated gastric environment to reduce insulin release and
swelled in a pH 6.8 simulated intestinal environment to
facilitate its release. Rashid et al.6 produced microgels
containing itaconic acid that reduced esomeprazole release at
pH 1.2, simulating the stomach, and swelled at intestinal pH
levels (6.5 and 7.4) to enhance release. It is fair to say that as
potential excipients, pH-responsive microgels containing
carboxylic acid groups have demonstrated advantages for oral
drug delivery.

Sphingan WL gum (WL), a natural microbial exopolysac-
charide, is produced by Sphingomonas sp. WG (CCTCC No:
M2013161), which was discovered by our group in the sea
mud samples collected at Jiaozhou Bay.7,8 As we reported, WL
consists mainly of D-mannose, D-glucose, L-rhamnose, glucur-
onic acid, and O-acetyl groups, aligning closely with welan
gum.9 And the proposed structure is α-L-Rha-(1→ 4)-β-L-Rha-
(1 → 4)-β-D-Glc-(1 → 3)-α-D-Glc with β-D-Man substituent
on the third glucose residue and carboxyl and O-acyl groups.
Since the discovery of WL, we and our collaborators have
conducted extensive and in-depth research on its structure,
properties, and applications.10−16 In 2022, citric acid-cross-
linked WL hydrogel wound dressing was successfully prepared,
which is our first attempt to use WL in biomedicine.10 It is
worth noting that this hydrogel exhibited pH-responsive drug
release properties and superior biocompatibility. Then we
improved the water solubility of WL by alkali treatment and
obtained deacetylated WL (DWL).11 Compared with WL,
DWL has better water solubility, which makes it have a wider
application prospect.
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Natural polysaccharides have been widely used in the design
and synthesis of stimulus-responsive microgels due to their
good biocompatibility, low toxicity, and high content of active
functional groups.17−19 Therefore, in this paper, DWL with a
carboxyl group was chosen for the preparation of pH-
responsive microgel carrier. The good water solubility of
DWL will prevent the formation of large aggregates during
synthesis.20 In addition, poly[oligo(ethylene glycol)-
methacrylate] (PEGMA) components are often used as the
basic building blocks of functional microgels because of their
excellent biocompatibility and thermo-sensitivity.21 Herein,
DWL polymer chains were immobilized into PEGMA
covalently cross-linked networks to synthesize DWL-based
microgels with semi-interpenetrating networks (semi-IPN)
structure. This microgel showed pH and temperature dual
responsiveness. On the other hand, as a third-generation
fluoroquinolone, ciprofloxacin hydrochloride (CIP) is effective
in treating bacterial infections caused by Gram-positive and
Gram-negative pathogens. In clinical use, CIP has shown
efficacy in urinary tract infections, ulcerative colitis, and
peritonitis.22,23 However, CIP has been associated with gastric
and intestinal disorders in humans.24 It can be said that in
order to reduce the frequency and side effects of oral
administration, the design and development of an oral
controlled/sustained-release drug delivery system is very
necessary for CIP. Therefore, CIP was selected as an oral
drug model for the loading and release experiments.
In this work, DWL-based microgels (named DWLM) with

semi-IPN structure were prepared by the direct polymerization
of monomer 2-(2-methoxyethoxy)ethyl methacrylate
(MEO2MA) and the cross-linker poly(ethylene glycol)-
dimethacrylate (PEGDMA) initiated by ammonium persulfate
(APS) in the DWL aqueous solution (Scheme 1). Then the
model drug CIP was loaded into the microgel by physical
adsorption, and the resulting microgel was named DWLM-

CIP. Subsequently, the structures of DWLM and DWLM-CIP
were analyzed using FTIR, UV−vis, DLS, ζ-potential, and
TEM. The pH/temperature dual-stimuli-responsiveness of
DWLM was investigated using DLS. Next, drug release studies
of DWLM-CIP were performed in simulated gastrointestinal
environments (pH 3.0 and 6.8) at 37 and 20 °C. Finally, the
biocompatibility and antimicrobial activity of DWLM and
DWLM-CIP were evaluated carefully. All results indicate that
DWL-based microgels have a good potential as oral drug
delivery carriers. This work is intended to broaden the
application scope of the natural anionic polysaccharide DWL.

2. MATERIALS AND METHODS
2.1. Materials. Deacetylated WL (DWL) with a molecular

weight of Mw = 2.70 × 107 Da was obtained by treating
Sphingan WL gum (WL) with sodium hydroxide, as described
in the published literature.11 2-(2-methoxyethoxy)ethyl meth-
acrylate (MEO2MA, 95%) and poly(ethylene glycol)-
dimethacrylate (PEGDMA, Mn = 550) were offered by
Sigma and further purified on neutral alumina column. Methyl
thiazolyl tetrazolium (MTT, 98%) was obtained from Aladdin
Biochemical. Ciprofloxacin hydrochloride (CIP, 98%) and
sodium dodecyl sulfate (SDS, 95%) were supplied by Macklin
Biochemical. Penicillin-streptomycin (PS), fetal bovine serum
(FBS), and Dulbecco’s modified Eagle’s medium (DMEM)
were provided by Adama’s life.
2.2. Preparation of DWLM. The following microgels were

synthesized by free radical precipitation polymerization. DWL
(50 mg) was added to a 250 mL three-necked flask containing
100 mL of ultrapure water and dissolved overnight with
thorough stirring. SDS (5 mg, 0.017 mmol), MEO2MA (420
μL, 2.277 mmol), and PEGDMA (40 μL, 0.080 mmol) were
added with stirring. Ar was passed and the temperature was
raised to 70 °C for 1 h. The ammonium persulfate (APS)
solution (1 mL, 0.22 mol/L) was added to initiate the
polymerization, and the reaction was allowed to proceed for 5
h. The obtained microgels were purified through repetitive
centrifugation (14,000 rpm, 40 °C, 30 min), decantation, and
redispersion in water. Then, the microgel dispersion was
dialyzed (cutoff 8000−14,000 Da) for 3 days. The final
purified microgels were obtained and named DWLM. When
DWL was absent in the polymerization reaction system, pure
PEGMA-based microgels (named EM) were obtained. EM was
synthesized as a control.
2.3. Microgel Characterization. DLS and ζ-potentials

were measured using a nanoparticle size and ζ-potential
analyzer (Zetasizer Nano ZSE, Malvern). The very dilute
microgel dispersions were used, and each dispersion was
allowed to equilibrate for at least 10 min at the measurement
temperature. For the pH-sensitive assays, the pH of the
microgel dispersion was adjusted to between 3 and 10 by using
0.1 M NaOH solution or 0.1 M HCl solution. ζ-potential was
measured at 25 °C. Each sample was measured three times.
FTIR spectral data were measured using a Thermo Scientific
Nicolet IS50 spectrometer by the KBr tablet method (4000−
400 cm−1, 32 scans). UV−vis spectra were recorded on a TU-
1810 PC spectrophotometer (Persee) (200−400 nm). TEM
was performed by using a JEOL JEM-F200 electron micro-
scope. The samples were dripped onto a copper mesh and
dried at room temperature for at least 3 days.
2.4. Preparation of DWLM-CIP. A low-temperature

(constant-temperature) stirring reaction bath was used for
this experiment. 4 mL of DWLM aqueous dispersion (19 mg/

Scheme 1. Schematic Illustration of the Synthesis and pH-
Responsive Drug Release of Deacetylated Sphingan WL
Gum-Based Microgels

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c07589
ACS Omega 2024, 9, 46397−46407

46398

https://pubs.acs.org/doi/10.1021/acsomega.4c07589?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c07589?fig=sch1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c07589?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


mL) was first stirred with a magneton at 4 °C for 1 h to ensure
adequate swelling. Then, 1 mL of a CIP aqueous solution (7
mg/mL) was carefully introduced. The mixture was stirred for
another 24 h. Then, the free drugs were removed by dialysis
(cutoff 8000−14,000 Da) in water at room temperature.25,26

The microgel loaded with CIP was obtained and named the
DWLM-CIP.
The encapsulation efficiency (EE) and drug loading capacity

(DLC) were measured by analyzing the values of the solution
outside the dialysis tubing at 276 nm in the UV−vis spectrum.
The mass of the unloaded drug was calculated from a standard
curve (Figure S1) calibrated against a CIP sample of known
concentration. Values are presented as the mean ± SD; n = 3.
The EE and DLC are then given as.

= ×EE (wt %)
mass of CIP loaded in microgels

the initial mass of the CIP
100%

(1)

= ×DLC (wt%)
mass of CIP loaded in microgels

mass of CIP loaded microgels
100%

(2)

2.5. In Vitro Drug Release Test and Kinetic Studies.
The release of CIP from DWLM-CIP was assessed under
conditions that simulate the gastric and intestinal environ-
ments. pH 3.0 buffer was used as simulated gastric fluid by
preparing acetate buffer (a mixture of acetic acid and sodium
acetate) and pH 6.8 buffer was used as simulated intestinal
fluid by preparing phosphate buffered saline (PBS).27 The
DWLM-CIP suspension (0.5 mL, 12.5 mg/mL) was placed in
a dialysis bag (cutoff 3500 Da), which was then transferred to
sample vials containing 10 mL of pH 3.0 or pH 6.8 buffer,
respectively. Dialysis was performed in a thermostatically
controlled shaker at 37 °C/20 °C, and shaken at 100 rpm to
ensure the efficient release and diffusion of CIP. At
predetermined time intervals, 1 mL of external buffer was
removed from each drug release system and promptly
substituted with the same amount of fresh buffer to ensure a
uniform environment for the release kinetics. Based on the
standard curve shown in Figure S1, the samples were gathered
for analysis in order to quantify the release of CIP. The total
amount of CIP released from DWLM-CIP was determined by
utilizing the equation.10

=
+

×
C V V C

m
cumulative release (%) 100%t

t
t0 1

1
s

(3)

where, Ct is the measured CIP concentration at time t, V0 is the
volume of release medium (10 mL), Vs is the sample volume
(1 mL), and m is the total mass of CIP contained in the initial
unreleased DWLM-CIP. Values are expressed as mean ± SD; n
= 3.
The release kinetics of DWLM-CIP were examined in vitro

by applying four widely utilized mathematical models to the
drug release data.28

=M M k tzero order model: /t 0 (4)

=M M k tfirst order model: ln (1 / )t 1 (5)

=M M k tHiguchi model: /t sp
0.5

(6)

=M M k tKorsmeyer Peppas model: /t
n

sp (7)

k represents the release kinetic constant, while Mt/M∞
indicates the fractional release of the drug at a given time t.
2.6. In Vitro Cytocompatibility Evaluation. MTT10

assays were performed using human embryonic kidney 293T
cells (HEK293T) to evaluate the in vitro cytotoxicity of
DWLM, DWLM-CIP, and CIP. HEK293T was seeded in 96-
well plates (2500 cells/well) containing 10% FBS and 1% PS in
DMEM with the condition of 5% CO2 at 37 °C. After 1 day of
incubation, the supernatant of the medium was removed, and
then 100 μL of different concentrations of DWLM, DWLM-
CIP, and CIP were transferred to the corresponding wells. The
concentrations of DWLM and DWLM-CIP were 0, 0.10, 0.25,
0.50, 1.00, 2.00, and 4.00 mg/mL, and the concentration of
CIP at the same level was 0, 2.96, 7.39, 14.79, 29.58, 59.15, and
118.30 μg/mL. After the cultivation for a further 24 h, the
HEK293T was washed with PBS. A new medium (100 μL)
and 10 μL of MTT (5 mg/mL) were added to every well, and
the cells were incubated for 4 h. The MTT solution was
aspirated gradually, and then, 100 μL of DMSO was added to
each well to dissolve the formazan crystals. The cell viability of
the samples was assessed by measuring the absorbance at 570
nm with a microplate reader (Synergy-Lx, BioTek). The
absorbance value of the control was set to 100% cell viability.
Values are expressed as mean ± SD; n = 3.
2.7. In Vitro Antibacterial Activity. The antibacterial

activity of DWLM, DWLM-CIP, and CIP was evaluated
against Gram-negative Escherichia coli (E. coli, DH5α) and
Gram-positive Staphylococcus aureus (S. aureus, CICC 10384)
using the agar disc diffusion method and colony counting
method. The PBS used below consisted of a pH 6.8 buffer
solution. The specific operation steps were described as
follows.
The strains were incubated on a shaker (37 °C, 165 rpm) for

12 h. The bacterial solution obtained was diluted to 1.0 × 108
CFU/mL. This bacterial solution was then further diluted and
uniformly spread evenly on Luria−Bertani (LB) agar plates.
After 15 min, four 7 mm diameter holes were made in the LB
agar plates by using a sterile punch. Subsequently, DWLM (20
μL, 3.34 mg/mL), DWLM-CIP (20 μL, 3.34 mg/mL, with a
CIP concentration of 100 μg/mL), CIP (20 μL, 100 μg/mL),
and PBS (20 μL, control) were added to the wells and
incubated for 24 h at 37 °C.
The concentration of bacteria was reduced to 1.0 × 108

CFU/mL before combining it with the measured samples.
After incubating the combination of bacteria and drugs for 8 h
at 37 °C, then the mixture was diluted and 100 μL was evenly
distributed on LB agar plates and incubated for 24 h. The
number of bacterial colonies on the agar plates was recorded.
In the antimicrobial experiments against E. coli, the final
concentrations of DWLM and DWLM-CIP were 0, 1.88, 3.75,
and 7.50 μg/mL and CIP was 0, 0.06, 0.11, and 0.23 μg/mL,
respectively. In addition, they were against S. aureus, the final
concentrations of DWLM and DWLM-CIP were 0, 3.75, 7.50,
and 15.00 μg/mL and CIP was 0, 0.11, 0.23, and 0.45 μg/mL,
respectively.
The long-lasting antibacterial activity of the microgel was

further tested. The bacterial solution was diluted to 1.0 × 105
CFU/mL. For the long-lasting antimicrobial assay of microgels
against E. coli, 1 mL of 1 mg/mL DWLM, DWLM-CIP, and 1
mL of PBS (control) were loaded into a dialysis bag (cutoff
8000−14,000 Da) and placed in a sample vial containing 2 mL
of the bacterial solution. Similarly, DWLM (1 mL, 4 mg/mL),
DWLM-CIP, and 1 mL of PBS (control) were loaded into a
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dialysis bag and placed in a sample vial containing 2 mL of S.
aureus solution. Following 24 h of incubation at 37 °C, 100 μL
of the culture solution was spread on an LB agar plate and
incubated at the same temperature for another 24 h. The
medium was replaced with newly prepared bacterial
suspensions every day to assess the long-lasting antibacterial
effectiveness of the microgels. Colony forming units were
determined by using ImageJ software. The number of colonies
in the control group was defined as 100% bacterial survival.
Values are expressed as mean ± SD; n = 3.

2.8. Statistical Analysis. The difference between different
groups was determined by using a one-way ANOVA test. The
significance levels were considered as *P < 0.05, **P < 0.005,
and ***P < 0.0005 (vs control).

3. RESULTS AND DISCUSSION
3.1. Preparation and pH/Temperature Response of

DWLM. In this study, deacetylated WL (DWL) with a good
water solubility was obtained by alkaline treatment of sphingan
WL gum. The absence of the acetyl C�O stretching vibration

Figure 1. (A) FTIR spectra of EM, DWL, and DWLM. (B) DLS size distributions of the EM and DWLM at 25 °C. (C) TEM image of DWLM at
200 nm. (D) Temperature-dependent size values of EM and DWLM. (E) pH-Dependent size values of EM and DWLM at 25 °C. (F) ζ-Potentials
of DWLM in different pH media at 25 °C. Values are expressed as the mean ± SD; n = 3.
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at 1725 cm−1 in the FTIR spectrum of DWL indicates the
successful alkali-induced hydrolysis of the acetyl group,11 as
shown in Figure S2A. Subsequently, DWL-based microgels
(named DWLM) with semi-IPN structures were prepared for
the first time by radical precipitation polymerization using
DWL as the raw material, MEO2MA as the reactive monomer,
and PEGDMA as the cross-linking agent. Pure PEGMA-based
microgels (named EM) without DWL were synthesized as a
control. The chemical composition of the microgel was
examined by using FTIR spectroscopy (Figure 1A). First, for
DWL obtained by alkali treatment, O−H stretching vibration
was recorded at 3416 cm−1, C−H stretching vibration was
recorded at 2933 cm−1, and COO− stretching vibration was
recorded at 1612 and 1411 cm−1, showing two broad bands,
indicating that alkali treatment resulted in increased deproto-
nation of carboxyl groups.11 In addition, DWLM had FTIR
characteristic absorption peaks that were similar to those of
EM. For example, specific frequencies such as 2926, 2880 cm−1

(representing stretching vibrations of −CH2− and −CH3),
1729 cm−1 (showing stretching vibrations of the ester group
−OOC−), 1453, 1390 cm−1 (indicating bending vibrations of
−CH2− and −CH3), and 1138 cm−1 (demonstrating
stretching vibrations of C−O−C) have been identified.29 No
new characteristic FTIR absorption peaks appeared after the
addition of DWL. The reason could be that DWL and EM
have similar FTIR absorption peaks, causing an overlap in the
FTIR signal of DWL. As shown in Figure 1B, the size
distributions of EM and DWLM were compared by DLS.
Every microgel exhibited a tight range of particle sizes. DWLM

Figure 2. (A) UV−vis spectra of CIP, DWLM, and DWLM-CIP. (B) TEM image of DWLM-CIP at 200 nm. (C) DLS size distribution of DWLM-
CIP at 25 °C.

Figure 3. In vitro cumulative release of CIP from DWLM-CIP at different pH values over 8 h: (A) at 37 °C (B) at 20 °C. Values are presented as
the mean ± SD; n = 3.

Table 1. In Vitro Release Kinetic Data of CIP from DWLM-
CIP

zero-order first-order Higuchi
Korsmeyer−
Peppas

release medium R2 R2 R2 R2 n

pH 3.0, 37 °C 0.542 0.579 0.753 0.943 0.053
pH 6.8, 37 °C 0.579 0.459 0.796 0.975 0.034
pH 3.0, 20 °C 0.404 0.719 0.610 0.845 0.030
pH 6.8, 20 °C 0.642 0.534 0.778 0.882 0.025

Figure 4. Cell viability of HEK293T cells in the presence of DWLM,
DWLM-CIP, and CIP at different concentrations. Values are
expressed as the mean ± SD; n = 3.
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had a larger size (557.3 ± 2.6 nm, PDI = 0.369 ± 0.018) than
EM (191.9 ± 1.3 nm, PDI = 0.161 ± 0.004) at 25 °C. The
increase in dimensions was credited to the effective integration
of DWL into the 3D framework of the microgels. Furthermore,
the spherical structure with excellent dispersion of DWLM was
revealed by the TEM image (Figure 1C). The size of DWLM
in the TEM image (66.8 ± 14.9 nm, Table S1) was smaller
than that observed in DLS (557.3 ± 2.6 nm in Figure 1B),
which can be attributed to the natural drying and dehydration
of TEM samples prior to imaging. The above results indicate
the successful preparation of the DWLM.
The addition of the temperature-sensitive monomer

MEO2MA rendered the synthesized microgels temperature

sensitive.21 As shown in Figure 1D, the temperature responses
of EM and DWLM were evaluated by the DLS assay. The size
of all microgels decreased with increasing temperature. The
deswelling ratios which were the comparison of particle size
ratios of EM at 27 to 17 °C and DWLM at 37 to 22 °C were
0.83 (193.0 ± 2.0 nm/233.9 ± 7.2 nm) and 0.63 (355.5 ± 1.4
nm/564.4 ± 2.7 nm), respectively. EM undergoes a volume
phase transition temperature (VPTT) of approximately 23 °C,
whereas DWLM experiences an elevated VPTT of 30 °C. This
is because the incorporation of DWL increases the hydro-
philicity of the microgels, tipping the balance toward
hydrophilicity and causing the VPTT of DWLM to rise.30

Figure 5. In vitro antibacterial activities of DWLM, DWLM-CIP, and CIP. Photos of inhibition zones against (A) E. coli and (B) S. aureus after 24-h
incubation. Photos of bacterial colonies and corresponding bacterial viabilities formed by (C, D) E. coli and (E, F) S. aureus treated with different
concentrations of DWLM, DWLM-CIP, and CIP. Values are expressed as the mean ± SD; n = 3.
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The VPTT of the microgel was improved by the
introduction of hydrophilic DWL, and pH-responsiveness
was imparted to the microgel. Here, the pH-responsiveness of
EM and DWLM was further evaluated by the DLS assay.
Figure 1E illustrates the pH-dependent swelling of the
microgels at 25 °C. The particle size ratios of EM at pH 3.1
to that at pH 10.0 and DWLM at pH 3.2 to that at pH 10.0
were defined as the swelling ratio, which were 1.22 (197.7 ±
3.7 nm/162.2 ± 5.5 nm) and 1.50 (579.7 ± 15.6 nm/386.6 ±
4.8 nm), respectively. As expected, pH-induced swelling of
DWLM was significant. The size of the DWLM increases with
increasing pH. The change in surface charge with the pH of
DWLM was also investigated by ζ-potential measurement
(Figure 1F). The ζ-potential values of DWLM were almost
constant at pH values from 3.2 to 3.9 and at pH values from
8.1 to 10.0 with values of approximately −22.5 ± 0.8 and
−40.3 ± 1.6 mV, respectively. As the pH of the medium
increased, the carboxyl groups in the DWL became more
ionized. The repulsion between the carboxylate anions causes
swelling and increases the size of the microgel.31 The above
results demonstrate the pH-responsiveness of the DWLM.
3.2. CIP Loading of DWLM-CIP. In this experiment,

ciprofloxacin hydrochloride (CIP) was chosen as the model
drug for microgel encapsulation. Briefly, drug loading was
achieved by combining CIP with the microgel dispersion and
stirring for 24 h at 4 °C. The microgel obtained was named
DWLM-CIP. When CIP is loaded into the microgel by

physical adsorption, interactions between the microgel and
CIP may occur. Specifically, hydrogen bonds may form
between the −COO− and −OH groups of deacetylated WL
within the microgel and the −COOH and -NH- groups of CIP.
This interaction could enable the CIP to be more efficiently
embedded in the 3D network of the microgel. Following a 24 h
loading period, the UV−vis spectrometer was used to measure
the encapsulated CIP in microgels, while the encapsulation
efficiency (EE) and the drug loading capacity (DLC) were
calculated using eqs 1 and 2. The EE and DLC of CIP in
DWLM-CIP were measured to be approximately 33.09 ± 0.37
and 2.96 ± 0.03%, respectively. Figure 2A displays the UV−vis
spectrum of DWLM-CIP, in comparison to the spectra of
DWLM and CIP. CIP exhibited adsorption peaks at
approximately 276 nm. In addition, the characteristic
absorption peaks of CIP were evident in the UV−vis spectra
of DWLM-CIP, demonstrating successful CIP loading.32 The
morphology of synthesized DWLM-CIP was further observed
by TEM, and as shown in Figure 2B, DWLM-CIP still retained
a spherical structure with good dispersion. The particle size of
DWLM-CIP (104.6 ± 12.3 nm, Table S1) was larger than that
of DWLM (66.8 ± 14.9 nm), which might be due to the
loading of CIP in DWLM-CIP. DLS was used to examine the
effect of CIP loading on the size of the microgel. In the DLS
size distribution (Figure 2C), the size of DWLM-CIP (688.8 ±
2.2 nm, PDI = 0.478 ± 0.03) was larger than that of DWLM
(557.3 ± 2.6 nm in Figure 1A), indicating that loading the CIP

Figure 6. Long-lasting antibacterial activity of DWLM and DWLM-CIP. Photos of bacterial colonies and the corresponding bacterial viabilities
formed by (A, B) E. coli and (C, D) S. aureus at different days. Values are expressed as the mean ± SD; n = 3.
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drug successfully led to an increase in the size of the DWLM-
CIP.33 Moreover, the ζ-potential of the DWLM was around
−36.0 ± 1.1 mV, which was less than that of the DWLM-CIP
(ca. −32.3 ± 1.4 mV) (Figure S3). The increased ζ-potential
was attributed to the neutralization of the negative charge by a
positively charged molecule, such as CIP.34 The aforemen-
tioned characterization findings collectively validate the
effective loading of DWLM-CIP with CIP.
3.3. In Vitro Drug Release Testing and Kinetic

Studies. It is known that the pH of the gastrointestinal
environment varies among different segments.3 pH is a critical
factor in oral drug delivery as it determines the release profile
of loaded drugs in different microenvironments. Therefore, pH
values of 3.0 and 6.8 were chosen to simulate gastric fluid and
intestinal fluid.27 The cumulative release profiles of CIP from
DWLM-CIP at various pH levels were investigated by
dialyzing DWLM-CIP against the corresponding pH buffer
solutions at 37 °C. As shown in Figure 3A, there was an abrupt
release of CIP during the first 15 min at all pH values studied.
The release of CIP was higher at pH 6.8 (42.8 ± 2.0%) than at
pH 3.0 (34.0 ± 0.7%). This result is attributed to the weak
binding of the drug to the surface of the microgel.35 Thereafter,
the drug release rate decreased. During the 8 h period, the
cumulative release of CIP was 43.3 ± 0.2 and 49.5 ± 0.3% in
buffer solutions with pH levels of 3.0 and 6.8, respectively. The
pKa values of CIP are pKa1 = 6.18 and pKa2 = 8.8.

36 Due to the
high solubility of CIP in acidic media, the release of CIP from
DWLM-CIP at pH 3.0 may be higher than at pH 6.8.36

However, Figure 3A shows that the pH-responsive release of
CIP was the most effective at pH 6.8. This can be attributed to
the fact that DWL chains exist mainly as carboxyl anions at
higher pH, leading to Coulombic repulsion that results in the
swelling of microgels and easy release of CIP.5,6 Moreover, as
shown in Figure S5A, the release rate of CIP from DWLM-CIP
was significantly reduced, resulting in 47.1 ± 0.9% cumulative
release at pH 3.0 and 52.3 ± 0.6% cumulative release at pH 6.8
over 48 h. Notably, the cumulative release of CIP after 48 h
was not as high as expected, which may be attributed to two
reasons. First, intramolecular and intermolecular hydrogen
bonding between CIP (−COOH and -NH- groups) and DWL
(−OH and −COO− groups) of the microgel could have
occurred, potentially impeding drug release.37 Second, the
release temperature of 37 °C exceeded the VPTT (30 °C) of
the microgel, potentially causing some degree of particle size
collapse and thus reducing drug release. The drug release data
at 20 °C (less than the VPTT) verified the second reason. As
shown in Figure 3B, at 20 °C and a release time of 8 h, the
cumulative release of CIP was 55.9 ± 0.6 and 59.2 ± 1.1% at
pH 3.0 and 6.8, respectively. These values were higher than the
cumulative release of CIP observed at 37 °C for 8 h, which was
43.3 ± 0.2% at pH 3.0 and 49.5 ± 0.3% at pH 6.8. This
phenomenon relates to the increased swelling of the microgel
at 20 °C, thereby facilitating the release of CIP. These results
confirm the temperature responsiveness of CIP release from
DWLM-CIP. Furthermore, at 48 h, the cumulative release of
CIP at pH 3.0 was 58.1 ± 0.5% at 20 °C (Figure S5B), which
was 11% higher than the 47.1 ± 0.9% at 37 °C. Thus, the
simulated body temperature of 37 °C effectively reduces the
release of CIP into the simulated gastric fluid at pH 3.0,
compared to 20 °C, helping to reduce unnecessary drug
leakage during oral administration.
The in vitro release kinetics of CIP from DWLM-CIP were

studied by fitting drug release data for 48 h to four models. As

shown in Table 1, the R2 values obtained from the
Korsmeyer−Peppas release rate at different temperatures for
both pH values were nearly 1, suggesting that the drug release
of CIP from DWLM-CIP followed the Korsmeyer−Peppas
kinetic model. All release index (n) values were less than 0.5,
suggesting that the release of CIP adhered to Fickian
diffusion.38,39

3.4. In Vitro Cytocompatibility Assessment. In general,
the drug-carrying system should not exhibit cytotoxicity.
HEK293T is often selected as a model cell for evaluating the
cytocompatibility of oral drug delivery vehicles due to its easy
accessibility and rapid growth.40,41 The cytotoxicity of DWLM,
DWLM-CIP, and CIP was assessed by MTT assay.13 Figure 4
shows the viability of human embryonic kidney 293T cells
(HEK293T) after 24 h contact culture with the samples. No
cytotoxic effects were observed in microgels (DWLM) without
the drug. Conversely, at a concentration of 4 mg/mL, DWLM-
CIP showed a cell viability of 75.9 ± 1.7%, whereas the
viability of free CIP was significantly lower at 54.9 ± 1.0%.
Reduced cytotoxicity was observed after drug loading on
DWLM. Any decrease in viability greater than 30% was
classified as cytotoxic according to ISO 10993-5.42 Therefore,
the above results show that DWLM-CIP has good biocompat-
ibility and is suitable for various biomedical applications, such
as serving as an oral drug carrier.
3.5. In Vitro Antibacterial Performance. The anti-

bacterial activity of the microgel was evaluated in vitro against
Gram-negative E. coli and Gram-positive S. aureus.43 And none
of the microgel samples showed cytotoxic effects on HEK293T
in the tested concentration range. The inhibitory zone test was
carried out first. After the samples were co-cultured with
bacteria for 24 h, the inhibition zones formed around the wells
were measured and photographed. As shown in Figure 5A, the
antibacterial zone diameters of DWLM, DWLM-CIP, and CIP
against E. coli were 0, 3.1, and 3.5 cm, respectively. Meanwhile,
the antibacterial zone diameters against S. aureus were 0, 3.0,
and 3.3 cm, respectively (Figure 5B). These results indicated
that DWLM had no antibacterial activity against any of the
bacteria, whereas DWLM-CIP inhibited the bacterial growth.
Thus, the antibacterial activity of DWLM-CIP is attributed to
only the drug released from the microgel. Furthermore, the
data showed that CIP was more effective in killing and
inhibiting E. coli than S. aureus, resulting in a greater inhibition
area for E. coli.44 The antibacterial activity of DWLM-CIP was
slightly lower than that of CIP, probably because of the limited
drug release from the microgel.38

In a previous study, drug release from DWLM-CIP was
found to plateau within 8 h. The efficacy of DWLM, DWLM-
CIP, and CIP against E. coli and S. aureus were then evaluated
to determine their antibacterial activity. Bacteria were treated
with various concentrations of samples for 8 h, recultured on
agar plates, and evaluated by bacterial enumeration to
determine bacterial growth inhibition. The numbers of E. coli
and S. aureus colonies treated with DWLM-CIP and CIP
decreased significantly with increasing concentrations. As
shown in Figure 5C,D, at a concentration of 7.50 μg/mL,
DWLM-CIP exhibited an over 99% inactivation of E. coli, a
result comparable to that obtained with an equivalent
concentration of CIP. Furthermore, at 15.00 μg/mL,
DWLM-CIP also achieved over 99% inactivation of S. aureus,
with results comparable to those obtained with an equivalent
concentration of CIP (Figure 5E,F). Similarly, antimicrobial
activity against E. coli and S. aureus was not demonstrated by
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DWLM. The above results confirm the expected good
antimicrobial activity of the designed DWLM-CIP.
In addition, DWLM and DWLM-CIP were cultured daily

with the newly prepared bacterial suspensions to investigate
their long-term antimicrobial activity (Figure 6). It was
observed that DWLM-CIP at 1 mg/mL significantly inhibited
E. coli growth for up to 4 days; while, at 4 mg/mL, it effectively
suppressed S. aureus growth for up to 3 days. The sustained
release of the drug may be responsible for the long-term
antimicrobial properties of the microgel. The antimicrobial
results presented above show that DWLM-CIP has excellent
antibacterial activity.

4. CONCLUSIONS
In summary, our work is dedicated to the development and
characterization of DWLM as an oral drug carrier. Using
physical adsorption, we successfully incorporated the model
drug CIP into the DWLM to prepare DWLM-CIP. DLS results
showed that DWLM exhibited dual responsiveness to temper-
ature and pH. The release profiles of CIP under simulated
gastrointestinal conditions (pH 3.0 and 6.8) at 37 and 20 °C
confirmed the pH and temperature responsiveness of drug
release from DWLM-CIP, consistent with the Korsmeyer−
Peppas kinetic model. The cumulative release of CIP was 6.2%
higher at pH 6.8 (49.5 ± 0.3%) than at pH 3.0 (43.3 ± 0.2%)
after 8 h of release at 37 °C. MTT assay results indicated that
HEK293T viability was 75.9 ± 1.7% at a DWLM-CIP
concentration of 4 mg/mL. The HEK293T viability of CIP
at the same concentration was only 54.9 ± 1.0%, indicating
that DWLM-CIP has good biocompatibility. Antimicrobial
testing showed that DWLM-CIP retained effective long-term
antimicrobial activity against both E. coli and S. aureus for 4
and 3 days, respectively. These collective results indicate that
the fabricated DWL-based microgel drug delivery system
serves as an improved model for the oral delivery of CIP.
Furthermore, this work establishes a strong basis for the
fabrication and application of DWL in the field of micro/
nanomaterials.
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■ ABBREVIATIONS
WL:sphingan WL gum; DWL:deacetylated sphingan WL gum;
PEGMA:poly[oligo(ethylene glycol)methacrylate]; SDS:sodi-
um dodecyl sulfate; APS:ammonium persulfate; CIP:cipro-
floxacin hydrochloride; DWLM:DWL-based microgels;
DWLM-CIP:DWLM with the loaded CIP; MTT:methyl
thiazolyl tetrazolium; HEK293T:human embryonic kidney
cells 293T; PDI:polydispersity index; DLS:dynamic light
scattering; FTIR:Fourier transform infrared spectroscopy;
UV−vis:ultraviolet−visible absorption spectroscopy; TEM:-
transmission electron microscopy
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