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Abstract

Background/Objectives: Cefuroxime axetil (CA) is a poorly water-soluble second-
generation cephalosporin. This study aimed to develop CA-loaded Eudragit® RS100/RL100
nanoparticles (NPs) and investigate the influence of polymer composition and drug-to-
polymer ratio on their physicochemical, antibacterial, and antibiofilm properties. Methods:
Six CA-loaded NPs (NP-1-NP-6) were prepared using nano spray drying with Eudragit®
RS100, RL100, or their 1:1 mixture at drug-to-polymer ratios of 1:1 and 1:2. Particle char-
acteristics, drug content, and structural properties were evaluated. Antibacterial activity
was assessed using agar well diffusion, broth microdilution, and time-kill assays, while
antibiofilm activity against pre-established Staphylococcus aureus and Escherichia coli biofilms
was determined using crystal violet staining. Additional analyses included drug-content-
normalized MIC, MIC-normalized time-kill exposure, and concentration-response area
under the curve (AUC). Results: All drug-loaded NPs retained antibacterial activity and
reduced established biofilm biomass, whereas blank NPs showed no detectable activity.
FT-IR and '"H-NMR analyses indicated no evidence of new covalent interactions. Free CA
exhibited greater planktonic antibacterial potency, including after drug-content normaliza-
tion. Among the NPs, NP-1 showed the most favorable MIC profile, while MIC-normalized
time-kill analysis revealed NP-dependent exposure differences without consistent bacterici-
dal activity. At 500 pg/mL, all CA-loaded NPs reduced biofilm biomass by more than 95%
against both bacterial species. NP-6 exhibited the highest numerical antibiofilm AUC values
against S. aureus (133.37) and E. coli (128.85), although these differences were descrip-
tive and did not establish statistical superiority. Conclusions: CA-loaded Eudragit® NPs
demonstrated formulation-dependent antibacterial and antibiofilm responses, with NP-1
performing favorably in planktonic inhibition and NP-6 in integrated biofilm biomass re-
duction. These findings support further investigation of Eudragit®-based antibiotic delivery
systems, although superiority over free CA and therapeutic advantages remain unverified.

Keywords: Cefuroxime axetil; Eudragit® RS 100; Eudragit® RL 100; nanoparticles; nano
spray drying; antibacterial activity; biofilm; time-kill assay; antimicrobial drug delivery

1. Introduction

The increasing prevalence of difficult-to-treat bacterial infections and the persistence
of biofilm-associated microorganisms remain major challenges in antimicrobial therapy.
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Beyond antimicrobial resistance, the effectiveness of conventional antibiotics may be limited
by poor aqueous solubility, instability, and unfavorable drug-delivery characteristics. Poly-
meric nanoparticles (NPs) have therefore attracted attention as carriers capable of modifying
drug availability and interactions with biological environments. However, their potential
advantages depend on NP characteristics and require experimental validation [1-3]. The
properties of antibiotic-loaded NPs can be tailored by adjusting polymer composition, drug-
to-polymer ratio, particle size, and surface characteristics. Although nanoencapsulation
may protect drugs and modify their release behavior, improved antimicrobial potency or
biofilm penetration cannot be assumed solely from particle formation. These outcomes
depend on the NP, drug-release characteristics, and interactions with bacterial cells and
biofilm components [1,2,4-9].

Eudragit® RS 100 (ERS 100) and Eudragit® RL 100 (ERL 100) are water-insoluble
ammonio methacrylate copolymers widely used in pharmaceutical delivery systems. Their
different quaternary ammonium group contents result in distinct permeability characteris-
tics, with ERL 100 generally exhibiting greater permeability than ERS 100. Combining these
polymers provides an opportunity to investigate the influence of matrix composition on
drug incorporation and NP performance [10,11]. Their solubility in ethanol also permits
processing with cefuroxime axetil (CA) using nano spray drying without an emulsification
step. Furthermore, their positively charged groups may influence interactions with bacterial
surfaces and biofilm components, although these interactions do not necessarily translate
into improved antimicrobial efficacy. The manufacturing method also affects NP character-
istics [12]. Spray drying offers a relatively rapid, single-step approach to producing dry
particulate NPs [13-15]. The Nano Spray Dryer (Buchi B-90) employs vibrating-mesh at-
omization and electrostatic particle collection, enabling the recovery of submicron particles
from small feed volumes. Formulation and processing conditions can influence particle
size, drug incorporation, and other physicochemical characteristics [16-25].

The incorporation of antibiotics into polymeric NPs has emerged as a promising strat-
egy to improve drug delivery and potentially enhance antimicrobial performance. Previous
studies have demonstrated that nanoparticulate carriers may protect encapsulated an-
tibiotics from degradation, modulate drug release, and improve their localization within
bacterial biofilms, thereby enhancing antibacterial or antibiofilm activity under specific
experimental conditions. However, these benefits are strongly dependent on the physico-
chemical properties of the carrier, drug-loading characteristics, release behavior, and the
susceptibility of the target microorganism. Importantly, improved antibiofilm performance
does not necessarily correspond to lower minimum inhibitory concentrations (MICs) against
planktonic bacteria. Therefore, evaluating antibiotic-loaded NPs using complementary
microbiological assays is essential to distinguish their effects on planktonic bacterial growth
from their activity against established biofilms [26,27].

CA is an orally administered ester prodrug of cefuroxime, a second-generation
cephalosporin antibiotic that inhibits bacterial cell wall synthesis following conversion
to its active form. Despite its established antibacterial activity, CA exhibits poor aqueous
solubility and variable oral bioavailability, motivating research into alternative pharmaceu-
tical formulations [28-34]. The incorporation of antibiotics into polymeric NPs has been
investigated as a strategy to modulate drug release, improve drug stability, and potentially
enhance antimicrobial delivery to bacterial biofilms. Previous studies have demonstrated
that nanoparticulate delivery systems can improve antibacterial or antibiofilm performance
under specific experimental conditions, although these effects depend on the physico-
chemical properties of the carrier, drug availability, and the target microorganism [26,27].
Nevertheless, incorporation into a polymeric carrier does not necessarily improve immediate
antibacterial potency, because drug availability may depend on release from the formulation.
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Consequently, the value of CA-loaded NPs should be assessed through their physicochemi-
cal characteristics and experimentally demonstrated microbiological performance rather
than an assumed superiority over free CA [2]. Although Eudragit®-based systems have
been investigated for drug delivery, comparative evidence linking ERS 100/ERL 100 compo-
sition and drug-to-polymer ratio with the microbiological performance of nano-spray-dried
CA-NPs remains limited [35-37]. The potential application of antibiotic-loaded NPs against
bacterial biofilms is particularly relevant because the extracellular polymeric matrix can
restrict antimicrobial transport and contribute to reduced antibiotic susceptibility. Polymeric
nanocarriers may influence drug distribution and interactions within biofilm environments;
however, their effectiveness depends on particle dimensions, surface properties, aggrega-
tion, and interactions with the extracellular matrix [26,27]. Biofilm-associated applications
also require particular caution, because NP penetration and retention depend on particle
dimensions, surface properties, aggregation, and interactions with the extracellular matrix.
Accordingly, reduced biofilm biomass cannot independently establish enhanced penetra-
tion, bacterial killing, or biofilm eradication [38]. Therefore, this study aimed to prepare
CA-loaded NPs using ERS 100, ERL 100, and their combination at different drug-to-polymer
ratios through nano spray drying. The NPs were evaluated for particle size, polydispersity
index, zeta potential, drug content, incorporation efficiency, and structural characteristics
using FT-IR and 'H-NMR analyses. Antibacterial activity was investigated against Bacillus
subtilis, Staphylococcus aureus, and Escherichia coli using agar diffusion and broth microdi-
lution assays, while time-kill kinetics and effects on pre-established biofilm biomass were
evaluated for S. aureus and E. coli. The primary objective was to determine how polymer
composition influences NP characteristics and microbiological performance, rather than to
presume superior antibacterial activity relative to free CA.

2. Results and Discussion

CA is a poorly water-soluble ester prodrug of cefuroxime, and its pharmaceutical perfor-
mance is limited in part by dissolution-dependent and variable absorption. Previous formu-
lation approaches, including solid dispersions, nanoemulsions, and self-nanoemulsifying
systems, have therefore attempted to improve its solubilization and delivery characteristics.
In the present study, the use of ERS 100 and ERL 100 extended this formulation concept
to polymeric nano-sized carriers produced by Nano Spray Dryer B-90. The suitability of
Eudragit polymers for particulate drug-delivery systems is well established, and differ-
ences in their functional quaternary ammonium group content can influence hydration,
permeability, drug diffusion, surface properties, and ultimately release behavior [11,39,40].
Earlier work with ciprofloxacin-loaded ERS 100/ERL 100-containing NPs also demonstrated
that Eudragit composition can affect NP characteristics and permit prolonged antibiotic
release while preserving antibacterial activity [41]. Nevertheless, because drug-release
kinetics were not directly determined in the present study, differences among the current
NPs should be interpreted as being consistent with polymer-dependent drug availability
rather than direct evidence of sustained or controlled release.

2.1. Validation of the UV-Visible Spectrophotometric Method for CA Quantification

The UV-visible spectrophotometric method developed for the quantitative determi-
nation of CA was validated in methanol:water (3:2, v/v) in terms of linearity, precision,
accuracy, limit of detection (LOD), and limit of quantification (LOQ). CA was analyzed
at 278 nm over a concentration range of 2.5-17.5 pg/mL. The calibration curve showed a
strong linear relationship between CA concentration and absorbance within the investigated
range, with the regression equation y = 0.0385x + 0.0424 and a coefficient of determination
(R? = 0.9993). The LOD and LOQ were calculated as 0.4 and 1.3 pg/mL, respectively. The
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LOQ was below the lowest concentration of the calibration range (2.5 pg/mL), confirming
adequate analytical sensitivity within the selected working range. Method precision was
evaluated at three concentration levels (7.5, 10.0, and 12.5 pg/mL) over three consecutive
days. The relative standard deviation (%RSD) values ranged from 0.2% to 1.4%, demonstrat-
ing low intra- and interday variability. Accuracy was assessed by recovery analysis at the
same three concentration levels. Individual recovery values ranged from 99.0% to 101.2%,
while the mean recoveries were 99.4%, 99.7%, and 100.2% at 7.5, 10.0, and 12.5 pug/mL,
respectively. The %RSD values for the recovery measurements ranged from 0.5% to 0.9%.
Recovery was calculated as the ratio of the concentration found, obtained from the re-
gression equation to the nominal concentration (x100); individual values slightly above
100% therefore reflect random analytical variability, and all individual values were within
the commonly accepted range of 98-102%. The high linearity, low variability, recoveries
close to 100%, and sufficiently low LOD and LOQ values demonstrated that the developed
UV-visible spectrophotometric method provided suitable analytical performance for the
quantitative determination of CA in the NPs. The principal validation parameters are
summarized in Table 1.

Table 1. Validation parameters of the UV-visible spectrophotometric method for CA in methanol:water
(3:2,v/v) at 278 nm.

Validation Parameter Result

Analytical wavelength
Linearity range
Regression equation

278 nm
2.5-17.5 pg/mL
y = 0.0385x + 0.0424

R? 0.9993

LOD 0.4 pg/mL
LOQ 1.3 pg/mL
Precision levels 7.5,10.0,12.5 ng/mL
Precision (%RSD) 0.2-1.4%
Individual recovery 99.0-101.2%
Mean recovery at 7.5 pg/mL 99.4%

Mean recovery at 10.0 pug/mL 99.7%

Mean recovery at 12.5 pg/mL 100.2%
Accuracy (%RSD) 0.5-0.9%

2.2. Particle Size, Polydispersity Index, and Zeta Potential

The NPs were prepared using ERS 100 and/or ERL 100 as polymeric carriers. NP-1 and
NP-4 contained ERS 100, NP-2 and NP-5 contained ERL 100, and NP-3 and NP-6 contained a
1:1 (w/w) ERS 100/ERL 100 blend. NP-1-NP-3 were prepared at a drug-to-polymer ratio of
1:1 (w/w), whereas NP-4-NP-6 were prepared at 1:2 (w/w). Blank-1, Blank-2, and Blank-3
were the corresponding drug-free NPs containing ERS 100, ERL 100, and their mixture,
respectively (Table 2). In this study, NPs refer to submicron (<1 ym) solid polymeric
colloidal carriers, consistent with terminology used in pharmaceutical drug delivery and
studies employing the Nano Spray Dryer B-90 [17].

The PS, PDI, and ZP values are presented in Table 2. CA loading increased the mean PS
from 340.9-359.5 nm for the blank NPs to 461.1-612.5 nm for the drug-loaded NPs. Relative
to the corresponding blanks, PS increased by 67.6-70.4% for the 1:1 NPs and 35.3—40.1% for
the 1:2 NPs. All 1:1 NPs were significantly larger than the 1:2 NPs (p < 0.001). The effect
of polymer composition was comparatively small: only the ERS 100- and ERL 100-based
NPs differed significantly at each drug-to-polymer ratio (NP-1 vs. NP-2 and NP-4 vs. NP-5;
p < 0.05), while the blends showed intermediate values without significant differences from
either single-polymer formulation. PDI values increased from 0.292-0.311 for the blank
NPs to 0.351-0.467 after drug loading and were higher for the 1:1 NPs than for the 1:2 NPs.

https://doi.org/10.3390/antibiotics15111130


https://doi.org/10.3390/antibiotics15111130

Antibiotics 2026, 15, 1130

50f 28

All NPs exhibited positive ZP values (4+36.8 to +43.6 mV). Drug-loaded NPs did not differ
significantly from their corresponding blanks (p > 0.05). However, ERL 100-based NPs
exhibited higher ZP values than the corresponding ERS 100-based NPs (Blank-2 vs. Blank-1,
NP-2 vs. NP-1, and NP-5 vs. NP-4; p < 0.01), whereas the blends did not differ significantly
from either single-polymer formulation.

Table 2. PS, PDI, and ZP of blank and CA loaded NPs.

NP Code Particle Size (nm) PDI Zeta Potential (mV)
Blank-1 359.5 + 18.5 0.311 + 0.031 +394 + 1.8
Blank-2 3409 £ 16.7 0.292 + 0.032 +43.6 £ 2.0
Blank-3 3485+ 17.6 0.309 + 0.035 +415+ 1.9
NP-1 612.5 + 26.6 0.467 £+ 0.046 +36.8+£2.3
NP-2 571.5 £ 21.6 0.424 £ 0.043 +41.7 £ 2.1
NP-3 591.8 + 23.8 0.446 + 0.048 +39.2+22
NP-4 503.6 + 24.6 0.389 + 0.033 +37.6 + 1.8
NP-5 461.1 £20.3 0.351 + 0.039 +42.3+ 1.9
NP-6 483.5 £ 21.3 0.360 + 0.031 +40.1 £ 2.0

The increase in PS after CA loading may be explained by the higher total solids concen-
tration of the spray-drying feed. Although the polymer concentration remained constant
at 1 g/100 mL, adding CA increased the total solids concentration from 1% (w/v) for the
blanks to 1.5% and 2% (w/v) for the 1:2 and 1:1 NPs, respectively. This is consistent with
the observed PS order of blank < 1:2 < 1:1. Under otherwise comparable conditions, dry
particle diameter increases approximately with the cube root of feed solids concentration.
The observed PS increases exceeded those predicted from solids concentration alone, sug-
gesting that other feed properties, including viscosity, may also have contributed; however,
these properties were not measured. Differences in feed properties may likewise explain
the smaller PS of ERL 100-based NPs compared with ERS 100-based NPs. The higher PDI
values after CA loading indicate a broader particle-size distribution. The positive ZP values
are consistent with the quaternary ammonium groups of both polymers and suggest a con-
tribution from electrostatic stabilization under the measurement conditions. Nevertheless,
measurements in distilled water do not establish long-term colloidal stability or predict
dispersion behavior in physiological buffers or culture media [18,21,42-46].

2.3. Drug Content and Recovery of Cefuroxime Axetil

The theoretical drug content (DC) experimentally determined DC, and drug incor-
poration efficiency (DIE) of the prepared NPs are presented in Table 3. Because nano
spray drying converts a single-phase feed into dry NPs without an external liquid phase,
no unincorporated drug fraction remains in a continuous phase that could be separated
by centrifugation. DC was therefore determined directly by dissolving a known mass of
NPs, and the DIE was calculated as the ratio of the experimentally determined DC to the
theoretical DC expected from the feed composition (x100). CA was not detected in the
blank NPs. The experimental DC was 44.5-46.3% (w/w) for the 1:1 NPs and 30.6-31.7%
(w/w) for the 1:2 NPs, close to the theoretical values of 50.0% and 33.3%, respectively. The
DIE ranged from 89.0 &+ 3.2% (NP-1) to 95.1 £ 2.4% (NP-5); at both drug-to-polymer ratios,
the ERL 100-based NPs showed the highest and the ERS 100-based NPs the lowest values.

DIE, drug incorporation efficiency = (experimental DC/theoretical DC) x 100, where
the theoretical DC is the drug fraction of the total solids in the feed [11,13,36,47]. Because
the 1:1 and 1:2 NPs had different theoretical DCs, the DIE provides a more meaningful basis
for comparison than the DC itself. The high values (89.0-95.1%) indicate that most of the
CA in the feed was retained in the NPs, which can be attributed to the rapid solvent removal
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and single-step particle formation of nano spray drying. The differences between polymer
compositions were small, suggesting a limited influence of polymer composition on drug
incorporation. Because CA was added to the feed before spray drying, the thermal exposure
during processing should also be considered. Although the inlet temperature was 100 °C,
the droplets remain close to the wet-bulb temperature of the solvent during evaporation,
and the dried particles are exposed at most to the outlet temperature (54 £ 2 °C) for a
residence time of only a few seconds before electrostatic collection. Consistent with this,
the drug incorporation efficiency values were high, and the 'H-NMR and FI-IR spectra
(Sections 2.4 and 2.5) showed no signals or bands indicative of degradation. These results
also suggest that subsequent differences in antibacterial and antibiofilm activity are unlikely
to be explained solely by variations in DC, but may also reflect differences in polymer
composition, surface properties, and NP-microorganism interactions.

Table 3. DC and DIE of CA in the prepared NPs.

Experimental DC (%

. o o
NP Code Theoretical DC (% w/w) w/w) DIE (%)
Blank-1 0 Not detected -
Blank-2 0 Not detected -
Blank-3 0 Not detected -
NP-1 50.0 445+ 1.6 89.0 £ 3.2
NP-2 50.0 463+ 1.7 92.6 + 3.4
NP-3 50.0 459+ 1.8 91.8 £ 3.6
NP-4 33.3 30.6 £ 1.2 91.8 £ 3.6
NP-5 33.3 31.7 £ 0.8 95.1+24
NP-6 33.3 315+ 1.0 945+ 3.0

2.4.'H-NMR Analysis

The 'H-NMR spectra of the polymers, CA, and the blank and drug-loaded NPs are
shown in Figure 1, and the principal signal assignments are summarized in Table 4. ERL 100
and ERS 100 showed comparable spectra, with aliphatic CH;/CH, signals at § 0.8-2.0 ppm
and ester-associated signals at 6 3.4—4.2 ppm (Figure 1a,b). CA showed characteristic signals
at4.8-5.2,5.9-6.1, and 6.9-7.6 ppm, which allowed it to be distinguished from the polymers
(Figure 1c). The spectra of Blank-1-Blank-3 contained only polymer signals (Figure 1d—f),
whereas those of NP-1-NP-6 contained the signals of both the polymer and CA, includ-
ing the aromatic/furyl signals at § 6.9-7.6 ppm (Figure 1g-1). No marked chemical-shift
displacement or additional signals were observed among the drug-loaded NPs.

Table 4. Characteristic' H-NMR chemical shifts and proton assignments of CA and Eudragit® polymers.

Chemical Shift Proton Assignment Main Component
(8, ppm)
0.8-2.0 Aliphatic CH; and CH, protons ERS 100/ERL 100
3440 Ester-associated O-CH; and O-CH, ERS 100/ERL 100;
o protons overlapping drug signals
48-59 B-Lactam/oxymethine-associated CA
protons
59-6.1 Vinylic proton CA
6.9-7.6 Aromatic/furyl-associated protons CA
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Figure 1. '"H-NMR spectra of (a) ERL 100, (b) ERS100, (c¢) CA, (d) Blank-1, (e) Blank-2, (f) Blank-3,
(g) NP-1, (h) NP-2, (i) NP-3, (j) NP-4, (k) NP-5, and (1) NP-6.

The 'H-NMR spectra of ERL 100 and ERS 100 showed the expected aliphatic signals
at approximately 8 0.8-2.0 ppm and methoxy/methylene signals associated with ester
groups at & 3.4-4.2 ppm, with highly similar profiles due to their common methacrylate
backbone. Pure CA exhibited its characteristic aromatic signals at 5 6.9-7.6 ppm, together
with B-lactam/oxymethine and aliphatic proton signals in the expected regions. Blank NPs
displayed only polymer-related signals, whereas all drug-loaded NPs showed characteristic
signals of both CA and the corresponding Eudragit® matrix. Importantly, the aromatic
signals of CA remained detectable in all loaded NPs, confirming successful drug incorpora-
tion and preservation of its chemical structure after nano spray drying. No new signals or
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major chemical shifts were observed, indicating the absence of detectable degradation or
new covalent bond formation. Minor changes in chemical shift and signal intensity were
attributed to physical interactions and changes in the local microenvironment within the
polymer matrix. The relatively lower drug-signal intensity observed in the 1:2 drug NPs
were consistent with their lower DC and higher polymer proportion [29,48-50].

2.5. Fourier Transform Infrared Spectroscopy (FI-IR) Analysis

The FT-IR spectra are shown in Figure 2, and the principal absorption bands are
summarized in Table 5. ERL 100 and ERS 100 showed aliphatic C-H stretching bands at
approximately 2900-2990 cm~!, an ester carbonyl band at approximately 1726-1730 cm~!,
and ester C-O-C/C-O bands in the1065-1240cm ! region (Figure 2a,b). CA showed charac-
teristic bands at approximately 2939 and 2828 cm~! and in the fingerprint region (1373, 1329,
1207, 1155, 1011, 939, and 756 cm~!) (Figure 2c). The blank NPs retained the bands of their
respective polymers without new bands (Figure 2d—f). In NP-1-NP-6, the polymer carbonyl
band at approximately 1730 cm~! was retained together with an additional carbonyl band at
approximately 1788 cm~ attributable to CA, and the characteristic bands of both components
were preserved with only minor shifts in position and intensity (Figure 2g-1). No bands
attributable to newly formed functional groups were detected. These findings were consistent
with the TH-NMR results and supported the incorporation of CA into the Eudragit® polymer
matrix of the NPs without evidence of new covalent bond formation [51-54].
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Figure 2. FT-IR spectra of (a) ERL 100, (b) ERS 100, (c) CA, (d) Blank—1, (e) Blank—2, (f) Blank-3,
(g) NP—1, (h) NP-2, (i) NP-3, (j) NP—4, (k) NP-5, and (1) NP—6.
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Table 5. Principal FT-IR absorption bands identified in the raw materials and NPs.

Wavenumber (cm™1) Assignment Polynitg;;ifk NPs Drug-Loaded NPs
2900-2990 Aliphatic C-H stretching v v
~1788 CA associated carbonyl band - v
~1730 Ester carbonyl (C=0) v v
1330-1380 CH; deformation region v v
~1240 Ester C-O-C stretching v v
1145-1155 Ester C-O stretching v v
1010-1065 C-O stretching region v v

haracteristic fingerprint region
756-939 Sf ceﬁfrf)xismz axégtfi:l P e ) Y
Table note: v" indicates the presence of the specified property or activity; - indicates its absence.

The physicochemical findings provide an important basis for interpreting the microbi-
ological results. The PS, PDI, ZP, DC, and DIE data demonstrated that nano spray drying
generated particulate systems whose properties varied according to polymer composition.
Furthermore, FT-IR and 'H-NMR analyses supported the structural preservation of CA after
formulation. In particular, the characteristic CA signals remained detectable in drug-loaded
NPs without the appearance of new signals indicative of major covalent modification. These
observations are relevant microbiologically because they support the interpretation that the
antibacterial effects observed after nano spray drying originated from retained CA rather
than from a newly formed chemical derivative.

2.6. Antibacterial Activity of CA Loaded NPs

The antibacterial activity of CA loaded Eudragit® NPs was evaluated against Bacillus
subtilis NRRL B478, Staphylococcus aureus ATCC 29213, and Escherichia coli ATCC 25922
using agar well diffusion and broth microdilution assays. All CA-loaded NPs exhibited
detectable antibacterial activity, whereas blank NPs showed no inhibition under the tested
conditions (Figures 3 and 4; Table 6).

50 -

I B. subtilis

) 386
g 404 [ S. aureus
o 322 B E. coli
°E‘ 1
8 304 274216
3 244 244 "3 - _zf 245 2};9 T 243
= 215 2L 217 215
g ﬁzoj e 197 197
= 20-
L
=
=
=
= 104
o
000 000 000
=== La L T LB o T T T
NP-1 NP-2 NP-3 NP-4 NP-5 NP-6 Cefuroxime Blank-1 Blank-2 Blank-3
axetil
Formulations

Figure 3. Antibacterial activity of CA loaded NPs, free CA, and blank NPs (Blank-1, Blank-2 and
Blank-3). Inhibition zone diameters are expressed in mm and presented as mean + SD from three
independent experiments.
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A. B. subtilis

Figure 4. Representative agar well diffusion photographs showing inhibition zones against (A) B. sub-
tilis, (B) S. aureus, and (C) E. coli. NP-1-NP-6: CA loaded NPs; B1-B3: blank NPs; CA: free cefuroxime
axetil. Yellow dashed circles indicate inhibition zones.

Table 6. Minimum inhibitory concentration (MIC) (ug/mL) values of CA loaded NPs, free CA, and
blank NPs (Blank-1-Blank-3).

B. subtilis S. aureus E. coli
NP-1 62.5 31.25 31.25
NP-2 125 500 62.5
NP-3 250 500 125
NP-4 125 250 62.5
NP-5 62.5 250 62.5
NP-6 250 250 125
CA 2 4 8
Blank-1 - - -
Blank-2 - - -
Blank-3 - - -

In the agar well diffusion assay, NP-1-NP-6 produced inhibition zones of 21.2-27.4 mm
against B. subtilis, 20.4-27.6 mm against S. aureus, and 19.7-21.7 mm against E. coli. NP-6
produced the largest zones against B. subtilis (27.4 mm) and S. aureus (27.6 mm), whereas
NP-3 produced the largest zone against E. coli (21.7 mm). Free CA exhibited larger inhibition
zones of 38.6, 32.2, and 24.3 mm, respectively. These findings confirm that CA-loaded NPs
retained measurable antibacterial activity after NP preparation, although none exceeded
free CA in agar diffusion.
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The absence of detectable inhibition by blank NPs suggests that the observed agar
diffusion activity was primarily associated with incorporated CA rather than the polymer
carriers. Smaller inhibition zones for the NPs may reflect differences in drug availability
and diffusion through the agar matrix, consistent with previous investigations of Eudragit®-
based antibiotic delivery systems. However, this mechanism cannot be confirmed without
direct drug-release measurements. Differences among bacterial species may also reflect
strain-specific susceptibility and cell-envelope characteristics rather than a generalized
preference for Gram-positive bacteria.

The MIC results showed a different NP-dependent pattern. NP-1 exhibited the lowest
overall MIC values among the NPs (62.5 ng/mL against B. subtilis and 31.25 pg/mL against
both S. aureus and E. coli), although NP-5 showed an identical MIC against B. subtilis. In
contrast, NP-6, which produced the largest inhibition zones against the Gram-positive
strains, exhibited MIC values of 250 pg/mL against both organisms. Free CA showed
lower nominal MIC values of 2, 4, and 8 ug/mL against B. subtilis, S. aureus, and E. coli,
respectively. However, direct potency comparisons are limited because NP concentrations
represent total NP mass rather than equivalent amounts of CA. The differences between agar
diffusion and MIC results highlight the distinct endpoints of these assays. Agar diffusion
depends partly on the migration of antibacterial compounds through a solid medium,
whereas broth microdilution measures growth inhibition in liquid culture [55]. Polymer
composition, particle dispersion, and drug availability may contribute to the observed
NP-dependent differences [56]. Although incorporation into Eudragit® matrices could
modify CA availability, controlled release or prolonged antibacterial activity cannot be
established from the present assays alone. Therefore, the principal finding is the retention
of measurable antibacterial activity after nanoencapsulation, with differences among NPs
that warrant further investigation using drug-release and pharmacologically normalized
comparative studies.

Drug-Content-Normalized Antibacterial Activity

To enable a more meaningful comparison between free CA and CA-loaded Eudragit®
NPs, the experimentally determined minimum inhibitory concentration (MIC) values
were normalized according to the drug content of each NP (Table 7). The calculated CA-
equivalent MIC values ranged from 19.81 to 114.75 ng/mL against Bacillus subtilis, 13.91 to
231.50 pug/mL against Staphylococcus aureus, and 13.91 to 57.38 pg/mL against Escherichia
coli. Relative to free CA, the corresponding MIC fold-change values ranged from 9.91 to
57.38, 3.48 to 57.88, and 1.74 to 7.17, respectively.

Table 7. Drug-content-normalized MIC values and fold-change relative to free CA.

NP Code DC (%) B. subtilis CA-eq MIC  Fold S. aureus CA-eq MIC  Fold E. coli CA-eq MIC Fold
NP-1 445 27.81 13.91 13.91 3.48 13.91 1.74
NP-2 46.3 57.88 28.94 231.50 57.88 28.94 3.62
NP-3 45.9 114.75 57.38 229.50 57.38 57.38 7.17
NP-4 30.6 38.25 19.13 76.50 19.13 19.13 2.39
NP-5 317 19.81 9.91 79.25 19.81 19.81 2.48
NP-6 31.5 78.75 39.38 78.75 19.69 39.38 4.92
Free CA 100 2.00 1.00 4.00 1.00 8.00 1.00

Table note: DC, drug content; CA-eq MIC, nominal cefuroxime axetil-equivalent minimum inhibitory concentration
(pg/mL). Fold-change was calculated by dividing CA-eq MIC by the corresponding MIC of free CA.

Among the NPs, NP-1 exhibited the lowest CA-equivalent MIC values against S. aureus
and E. coli (13.91 pg/mL for both strains), whereas NP-5 demonstrated the lowest value
against B. subtilis (19.81 pg/mL). However, all NPs exhibited higher CA-equivalent MIC
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values than free CA, indicating that NP incorporation did not improve immediate planktonic
antibacterial potency under the tested conditions.

The differences in inhibitory concentrations may be influenced by NP-dependent an-
tibiotic availability, although this mechanism was not directly investigated. Importantly, the
calculated CA-equivalent MIC values represent nominal incorporated drug concentrations
rather than the amount of antibiotic released during incubation. Consequently, differences
in antibacterial activity cannot be attributed to controlled release or polymer-mediated
delivery without experimental release data. Standardized drug-release testing is essential
for characterizing colloidal delivery systems and interpreting the relationship between NP
composition and drug availability [57].

These findings clarify that the primary contribution of the developed NPs lies in the
NP-dependent modification of physicochemical and microbiological characteristics rather
than demonstrated superiority over free CA. Further investigations involving drug-release
kinetics and drug-equivalent antibacterial comparisons are required to establish whether
the polymeric carriers provide additional delivery-related benefits.

2.7. Time-Kill Kinetics

The time-dependent antibacterial activity of CA-loaded NPs (NP-1-NP-6) was evalu-
ated against Staphylococcus aureus ATCC 29213 and Escherichia coli ATCC 25922 at 62.5, 125,
and 250 pug/mL over 24 h (Figure 5). Viable bacterial counts were determined at 0, 2, 4,
6, 8, and 24 h. Across both strains, NP-treated groups generally exhibited lower bacterial
counts than untreated growth controls, although the magnitude of growth suppression
varied among NPs and concentrations.

For S. aureus, NP-treated bacterial counts remained approximately 6.7-7.1 logy,
CFU/mL, compared with 7.7-8.1 log; CFU/mL in untreated controls. At 250 and
125 pg/mL, the NPs showed broadly similar profiles, whereas greater variability occurred
at 62.5 ug/mL. For E. coli, NP-treated counts generally ranged from 6.7 to 7.3 log;y CFU/mL,
remaining below the corresponding growth controls throughout the observation period.
Free CA consistently produced lower viable counts than the NPs. Importantly, none of
the NPs achieved a >3 log;, CFU/mL reduction relative to the initial bacterial counts,
indicating that the conventional criterion for bactericidal activity was not met. Thus, the
observed effects are more appropriately described as suppression of bacterial proliferation
relative to untreated controls rather than confirmed bacterial killing. These findings pro-
vide time-dependent information complementary to the MIC results but do not establish
sustained drug release or superior antibacterial efficacy. The relationship between tested
concentrations and NP-specific MIC values further limits direct comparisons. Against S.
aureus, the concentrations corresponded to 2x—-8x MIC for NP-1 but remained below the
MICs of NP-2 and NP-3. For E. coli, the tested concentrations reached or exceeded the
MICs of all NPs at one or more concentrations. Because NP concentrations were expressed
as total NP mass rather than CA-equivalent concentrations, differences in drug content
may also influence their apparent antibacterial performance. Moreover, the free-drug and
NP groups were not compared on an equivalent active-drug basis. The time-kill results
demonstrate NP-dependent growth suppression without confirmed bactericidal activity.
Although Eudragit® incorporation may modify antibiotic availability, this potential advan-
tage requires direct release studies and drug-equivalent comparisons before conclusions
regarding prolonged antimicrobial activity or therapeutic benefit can be drawn.
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Figure 5. Time-kill profiles of cefuroxime axetil (CA)-loaded nanoparticles (NPs) and free CA against
Staphylococcus aureus and Escherichia coli at different concentrations: (a) S. aureus at 250 pg/mL;
(b) S. aureus at 125 pg/mL; (c) S. aureus at 62.5 ng/mL; (d) E. coli at 250 pug/mL; (e) E. coli at
125 pg/mL; and (f) E. coli at 62.5 ug/mL. Viable bacterial counts were determined at 0, 2, 4, 6, 8, and
24 h and expressed as log;, CFU/mL. The growth control represents untreated bacterial cultures.
Data are presented as mean + SD from three independent experiments. Concentrations of NP-1-NP-6
are expressed as nanoparticle concentrations (pg/mL).

MIC-Normalized Interpretation of Time-Kill Kinetics

To further characterize the time-dependent antibacterial responses, the concentrations
used in the time-kill experiments were expressed as multiples of the NP-specific MIC values
(Table 8). This analysis demonstrated considerable differences in relative antimicrobial
exposure among NPs, despite the use of identical nominal concentrations of 62.5, 125, and
250 pug/mL.

To further characterize the time-dependent antibacterial responses, the concentrations
used in the time-kill experiments were expressed as multiples of the NP-specific MIC values
(Table 8). This analysis demonstrated considerable differences in relative antimicrobial
exposure among NPs, despite the use of identical nominal concentrations of 62.5, 125, and
250 pg/mL. Against S. aureus, these concentrations corresponded to 2x, 4x, and 8x MIC for
NP-1, respectively, whereas they represented only 0.125x, 0.25x, and 0.5x MIC for NP-2
and NP-3. For NP-4, NP-5, and NP-6, the exposure ratios ranged from 0.25x to 1x MIC.
Against E. coli, NP-1 was evaluated at 2-8x MIC, NP-2, NP-4, and NP-5 at 1-4x MIC, and
NP-3 and NP-6 at 0.5-2x MIC. These findings indicate that several NPs, particularly NP-2
and NP-3 against S. aureus, were evaluated predominantly at sub-MIC concentrations.
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Table 8. MIC-normalized exposure ratios of CA-loaded NPs and free CA during time-kill experiments.

NP Code S. aureus S. aureus S. aureus E. coli E. coli E. coli
62.5 pg/mL 125 pg/mL 250 pg/mL 62.5 ug/mL 125 pg/mL 250 pg/mL

NP-1 2.00 4.00 8.00 2.00 4.00 8.00
NP-2 0.125 0.25 0.50 1.00 2.00 4.00
NP-3 0.125 0.25 0.50 0.50 1.00 2.00
NP-4 0.25 0.50 1.00 1.00 2.00 4.00
NP-5 0.25 0.50 1.00 1.00 2.00 4.00
NP-6 0.25 0.50 1.00 0.50 1.00 2.00

Free CA 15.625 31.25 62.50 7.8125 15.625 31.25

Table note: Values represent multiples of the corresponding NP-specific MIC (x MIC). Concentration headings
are expressed in yig/mL. Ratios below 1 indicate sub-MIC exposure. For NP-NPs, concentrations refer to total
NP mass; for free CA, concentrations refer to antibiotic mass. These ratios therefore characterize relative MIC
exposure rather than equivalent delivered drug concentrations.

This distinction is important when interpreting the time-kill profiles. The relatively
limited growth suppression observed with NP-2 and NP-3 against S. aureus may partly
reflect their sub-MIC exposure conditions rather than differences in NP performance alone.
In contrast, NP-1 was evaluated at concentrations exceeding its MIC, providing a more
favorable exposure relationship for bacterial growth inhibition. Nevertheless, the time-kill
experiments did not consistently demonstrate a >3 log;, CFU/mL reduction from the initial
bacterial count, which is conventionally used to define bactericidal activity. Therefore, the
observed effects are more appropriately described as time-dependent bacterial growth
suppression rather than confirmed bactericidal activity.

Furthermore, the tested concentrations of free CA corresponded to 15.625-62.5x MIC
against S. aureus and 7.8125-31.25x MIC against E. coli, substantially exceeding the relative
exposure levels of most NPs. Accordingly, the stronger antibacterial responses observed
with free CA should be interpreted in the context of these differences in MIC-normalized ex-
posure. The present findings support NP-dependent variation in antibacterial performance
but do not demonstrate enhanced bactericidal activity or prolonged antibiotic release from
the NP systems. Future studies conducted at matched MIC multiples and equivalent CA
concentrations would provide a more rigorous assessment of the influence of Eudragit®
composition on time-dependent antibacterial activity.

2.8. Antibiofilm Activity

The effects of CA-loaded NPs (NP-1-NP-6) on pre-established Staphylococcus aureus
ATCC 29213 and Escherichia coli ATCC 25922 biofilms were evaluated using the crystal violet
assay at concentrations of 15.62-500 ug/mL (Figure 6). All NPs reduced retained biofilm
biomass in a concentration-dependent manner, whereas blank NPs showed no detectable
effect under the tested conditions.

At 500 pg/mL, NPs produced biomass reductions of 96-98% against S. aureus and
95-97% against E. coli. Even at 15.62 pig/mL, reductions remained approximately 74-78%
and 72-75%, respectively. NP-6 exhibited the highest numerical reductions at 500 pg/mL
(98% against S. aureus and 97% against E. coli). Free CA produced comparable responses,
ranging from 81% to 96% against S. aureus and 74% to 96% against E. coli. Thus, although
some NPs showed numerically greater biomass reductions at selected concentrations, con-
sistent superiority over free CA was not demonstrated.
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Figure 6. Biofilm biomass reduction (%) by CA loaded NPs (NP-1-NP-6) and free CA against pre-
established biofilms of (a) Staphylococcus aureus ATCC 29213 and (b) Escherichia coli ATCC 25922 at
concentrations ranging from 15.62 to 500 g/mL. Bars represent mean values, and error bars indicate
standard deviations (SD). Percentage values above the bars are rounded to the nearest whole number.
Concentrations of NP-1-NP-6 are expressed as NP concentration (ug/mL).

Biofilm-associated antimicrobial tolerance involves extracellular matrix components,
physiological heterogeneity, and persister populations [58-60]. Although the NPs produced
substantial biomass reductions, these findings should be interpreted according to the
limitations of crystal violet staining, which measures retained biomass rather than bacterial
viability [61]. Consequently, the results do not establish bacterial killing, enhanced NP
penetration, or complete biofilm eradication. Additional viability-based methods, such as
biofilm CFU enumeration or metabolic assays, are required to validate these outcomes [62].
The discrepancy between planktonic MIC and biofilm biomass results was particularly
evident for NP-2, which exhibited an MIC of 500 pg/mL against S. aureus but reduced
retained biomass by approximately 97% at 500 pg/mL. This difference reflects the distinct
experimental endpoints rather than evidence of enhanced antibiofilm potency. Similarly,
NP-6 showed favorable numerical performance in agar diffusion and biomass reduction
assays but was not consistently superior across all microbiological tests.

Polymer composition may influence NP properties because ERL 100 exhibits greater
aqueous permeability than ERS 100 [11] and previous studies have reported polymer-
dependent differences in drug-delivery characteristics [63]. Particle size and surface prop-
erties may also affect interactions with biofilm matrices. However, drug release, NP pene-
tration, and biofilm-associated bacterial viability were not directly assessed. Furthermore,
washing-related variability and biofilm heterogeneity may influence crystal violet measure-
ments [55,64,65]. Therefore, the present findings support the ability of CA-loaded NPs
to reduce retained biofilm biomass under the tested conditions but do not demonstrate
mechanistic or therapeutic superiority over free CA.
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2.8.1. Integrated Concentration-Response Analysis of Antibiofilm Activity

To provide an integrated quantitative assessment of antibiofilm performance, the
area under the concentration-response curve (AUC) was calculated using the percentage
reduction in pre-established biofilm biomass across six concentrations (15.62-500 pg/mL).
This analysis enabled comparison of the overall concentration-dependent responses of all
six NPs and free CA, rather than relying exclusively on individual concentration points.
Against S. aureus, NP-6 exhibited the highest AUC (133.37), followed by NP-3 (132.16), free
CA (131.26), NP-2 (130.06), NP-5 (129.75), NP-1 (128.55), and NP-4 (127.65). Similarly,
NP-6 demonstrated the highest AUC against E. coli (128.85), followed by NP-5 (127.50),
NP-2 (127.05), NP-4 (125.84), NP-3 (124.79), free CA (124.64), and NP-1 (123.58) (Table 9).

Table 9. Concentration-response area under the curve (AUC) values for biofilm biomass reduction.

NP Code S. aureus AUC E. coli AUC
NP-1 128.55 123.58
NP-2 130.06 127.05
NP-3 132.16 124.79
NP-4 127.65 125.84
NP-5 129.75 127.50
NP-6 133.37 128.85
Free CA 131.26 124.64

Table note: AUC values were calculated using the trapezoidal rule from the six biofilm biomass reduction percentages
shown in the experimental figure, across log;-transformed concentrations of 15.62-500 pg/mL. Higher AUC values
indicate greater integrated biofilm biomass reduction over the investigated concentration range.

These findings indicate that NP-6 exhibited the highest numerical AUC values against
both bacterial species, reflecting the greatest integrated reduction in retained biofilm biomass
across the tested concentration range. However, the differences between NPs were rela-
tively small, particularly against S. aureus, and should be interpreted descriptively because
replicate-level statistical comparisons were not performed. Furthermore, the crystal violet
assay measures retained biofilm biomass rather than bacterial viability [61]. Therefore, the
AUC results provide a complementary quantitative assessment of concentration-dependent
antibiofilm responses but do not establish statistically significant differences, bacterial
killing, or complete biofilm eradication.

2.8.2. Integrated Interpretation of Antibacterial and Antibiofilm Performance

The additional quantitative analyses provide a more comprehensive interpretation of
the microbiological performance of CA-loaded Eudragit® NPs. Drug-content-normalized
MIC calculations demonstrated that free CA retained greater immediate inhibitory activity
against planktonic bacteria, while NP-1 exhibited the most favorable CA-equivalent MIC
profile against S. aureus and E. coli among the NPs. MIC-normalized time-kill analysis
further revealed that several NPs were evaluated at sub-MICs, emphasizing the impor-
tance of considering relative antimicrobial exposure when interpreting time-dependent
responses. In contrast, concentration-response analysis of pre-established biofilms demon-
strated substantial biomass reduction across the evaluated NPs, with NP-6 exhibiting the
highest numerical AUC values against both S. aureus and E. coli. However, these descriptive
differences do not establish statistical superiority, and the crystal violet assay does not
directly measure bacterial viability [61].

Comparison of NPs prepared with the same polymer composition further revealed
that increasing the polymer proportion from a drug-to-polymer ratio of 1:1 to 1:2 did not
consistently improve antibacterial activity. Among ERS100-based NPs, NP-1 exhibited lower
MIC values than NP-4, whereas increasing the polymer proportion in ERL100-based NPs
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(NP-2 versus NP-5) and ERS 100/RL 100-based NPs (NP-3 versus NP-6) resulted in lower
MIC values against S. aureus. These findings indicate that the relationship between polymer
proportion and antibacterial performance varies according to polymer composition and
bacterial species. Moreover, the differences between NP-1, which demonstrated the most
favorable overall planktonic MIC profile, and NP-6, which exhibited the highest numerical
antibiofilm AUC values, suggest that stronger planktonic antibacterial activity does not
necessarily correspond to greater reduction in established biofilm biomass. Although
variations in polymer permeability, drug incorporation, particle characteristics, and drug
availability may contribute to these observations, their individual contributions cannot be
established from the present findings.

Collectively, these results indicate that neither polymer composition nor drug-to-
polymer ratio alone reliably microbiological performance. The principal contribution of the
developed NPs is therefore the demonstration of NP-dependent physicochemical and micro-
biological characteristics rather than improved intrinsic antibacterial potency. Furthermore,
the antibiofilm comparisons were performed at equal nominal NP concentrations rather
than equivalent CA concentrations, limiting direct conclusions regarding the influence
of nanoencapsulation on antibiofilm activity. Potential advantages related to controlled
release, biofilm penetration, or therapeutic performance also remain unverified. Future
investigations should therefore prioritize quantitative drug-release studies, drug-equivalent
antibacterial and antibiofilm comparisons, biofilm-associated viable counts, and complemen-
tary physicochemical characterization to determine whether the observed NP-dependent
differences translate into meaningful drug-delivery benefits.

3. Limitations and Future Perspectives

Several limitations should be acknowledged. The absence of direct drug-release studies
and experimentally matched drug-equivalent comparisons limits conclusions regarding
drug availability and relative antibacterial performance. Although drug-content- and MIC-
normalized analyses provided additional insights, they cannot replace direct experimental
comparisons. Antibiofilm activity was assessed using crystal violet staining, which measures
biofilm biomass rather than bacterial viability, while AUC comparisons remained descriptive
without replicate-level statistical analysis. Furthermore, physicochemical characterization
lacked SEM/TEM imaging, surface-associated drug quantification, and stability-indicating
chromatographic analysis. Microbiological experiments were restricted to reference strains
under static in vitro conditions. Future studies should investigate drug-release kinetics,
biofilm-associated bacterial viability, and NP stability, alongside drug-equivalent compar-
isons and clinically relevant biological models, to establish whether CA-loaded NPs provide
meaningful advantages for antibiotic delivery.

4. Materials and Methods
4.1. Materials

Cefuroxime axetil (CA) was used as the active pharmaceutical ingredient and was
kindly provided by SANOVEL Pharmaceutical Industry and Trade Inc. (Istanbul, Tiirkiye).
Eudragit® RS100 (ERS100) and Eudragit® RL100 (ERL100) were generously supplied by
Evonik GmbH (Darmstadt, Germany). Analytical-grade ethanol and methanol (Merck,
Darmstadt, Germany) were used as organic solvents during nanoparticle (NP) preparation
and analytical procedures, while ultrapure water was obtained using a Milli-Q® water
purification system (Merck Millipore, Darmstadt, Germany). All solvents used for UV-
visible spectrophotometric analyses were of analytical grade.

Mueller-Hinton agar (MHA) and Mueller-Hinton broth (MHB) were obtained from
Merck (Darmstadt, Germany). MHA was used for agar well diffusion assays and viable
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bacterial enumeration, whereas MHB was used for broth microdilution and antibiofilm
assays. The bacterial strains investigated were Bacillus subtilis NRRL B-478, Staphylococcus
aureus ATCC 29213, and Escherichia coli ATCC 25922. All culture media, chemicals, and
microbiological consumables were of appropriate microbiological or analytical grade.

CA-loaded and blank polymeric NPs were prepared using a Nano Spray Dryer B-90
(BUCHI Labortechnik AG, Flawil, Switzerland). Centrifugation was performed using an
Eppendorf centrifuge (Eppendorf SE, Hamburg, Germany). Particle size, polydispersity
index (PDI), and zeta potential were measured using a Zetasizer Nano ZS (Malvern Instru-
ments Ltd., Worcestershire, UK). CA content was determined using a UV-1800 UV-visible
spectrophotometer (Shimadzu, Kyoto, Japan). FT-IR analyses were performed using an
IRPrestige-21 spectrophotometer (Shimadzu, Kyoto, Japan), whereas 'H-NMR spectra were
obtained using a Bruker NMR spectrometer (Bruker BioSpin GmbH & Co. KG, Rheinstet-
ten, Germany).

4.2. UV-Visible Spectrophotometric Method and Validation

Quantitative determination of CA was performed using a UV-1800 UV-visible spec-
trophotometer (Shimadzu, Kyoto, Japan). The method was validated for linearity, precision,
accuracy, and analytical sensitivity following the principles of ICH Q2(R2) [66-70] CA stan-
dard solutions were prepared in methanol: water (3:2, v/v), and absorbance was measured
at 278 nm. Linearity was assessed using three independently prepared calibration curves
over 2.5-17.5 ug/mL. Precision and accuracy were evaluated at 7.5, 10.0, and 12.5 pg/mL
using independently prepared solutions analyzed in triplicate over three consecutive days.
Intra- and interday precision were expressed as %RSD, and accuracy as percentage recovery
relative to nominal concentrations. LOD and LOQ were calculated from the calibration
data [71]. Following validation, the method was used for quantitative determination of CA
in the NPs [72,73].

4.3. Preparation of CA- Loaded NPs

CA-loaded NPs were prepared using the nano spray-drying technique with a Nano
Spray Dryer B-90 (BUCHI Labortechnik AG, Flawil, Switzerland). Nano spray drying was
selected because of its suitability to produce small dry particles from pharmaceutical NPs
and its compatibility with organic solvent-based feed systems. ERS 100 and ERL 100 were
selected as the polymeric carriers. The principal difference between the two polymers is
their relative content of quaternary ammonium groups, with ERL 100 exhibiting greater
permeability than ERS 100. These properties make the polymers suitable for modifying
drug incorporation and transport through polymeric matrices.

To investigate the influence of polymer composition and drug-to-polymer ratio, six CA-
loaded NPs were prepared using ERS 100 alone, ERL 100 alone, or a 1:1 combination of ERS
100 and ERL 100. Drug-to-polymer ratios of 1:1 and 1:2 were investigated. In addition, three
drug-free NPs, Blank-1, Blank-2, and Blank-3, were prepared as corresponding controls.
The use of blank NPs enabled assessment of whether the polymeric carriers themselves
contributed to the observed biological effects [74]. The complete compositions of the NPs
are presented in Table 10.

For each NP, the required amount of Eudragit® polymer was dissolved in 100 mL of
ethanol and stirred magnetically at 250 rpm for approximately 30 min at room temperature
until a clear polymer solution was obtained. CA was subsequently added at the amount
specified for each NP, and stirring was continued for an additional 30 min to obtain a
homogeneous feed solution. Blank NPs were prepared using the same procedure without
the addition of CA. Because CA and the polymer were contained in the same feed and
solidified together during solvent evaporation from each droplet, the resulting NPs are
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matrix-type systems in which the drug is physically dispersed throughout the polymer; no
surface functionalization or chemical conjugation was involved. Before processing the NPs,
the Nano Spray Dryer B-90 was conditioned with ethanol for approximately 30 min. The
prepared feed solutions were then processed using a vibrating mesh atomization system
equipped with a 4 pym mesh membrane at an inlet temperature of 100 °C, resulting in an out-
let temperature of 54 + 2 °C. All NPs were produced under identical processing conditions
to enable direct comparison between NPs. The operating parameters are summarized in
Table 11. The preparation procedure and processing conditions were based on established
applications of Nano Spray Dryer B-90 technology for pharmaceutical NP production.

Table 10. Composition of CA-loaded and blank NPs.

NP Code Drug: Polymer Ratio ERS100 ERL100 CA Ethanol
Blank-1 - lg - - 100 mL
Blank-2 - - lg - 100 mL
Blank-3 - 05¢g 05¢g - 100 mL
NP-1 1:1 lg - lg 100 mL
NP-2 1:1 - lg lg 100 mL
NP-3 1:1 05¢g 05¢g lg 100 mL
NP-4 1:2 lg - 05¢g 100 mL
NP-5 1:2 - lg 05g 100 mL
NP-6 1:2 05g 05g 05g 100 mL

Table 11. Operating conditions used for nano spray drying of the NPs.

Parameter Operating Condition
Nano Spray Dryer B-90 (BUCHI
Instrument Labortelzhr}:ik A}EE, Flawil, Switzerland)
Atomization system Vibrating mesh
Mesh aperture 4 ym
Solvent Ethanol
Feed solution volume 100 mL
Inlet temperature 100 °C
Outlet temperature 54 +2°C
Pump level 3
Spray level 100%
Particle collection system Electrostatic collector

250 rpm for 30 min for polymer
dissolution + 30 min after drug addition
Instrument conditioning 30 min with ethanol

Feed-solution preparation

Following nano spray drying, the resulting NPs were deposited in the electrostatic par-
ticle collector and carefully recovered using the dedicated collection system. The NPs were
thus obtained directly as dry powders and were used as collected, without lyophilization or
any additional drying step; all masses reported in this study refer to the nano-spray-dried
powder. The powders were transferred to tightly closed amber glass containers and stored
at room temperature protected from light and moisture until further physicochemical,
structural, and microbiological analyses.

4.4. Particle Size, Polydispersity Index, and Zeta Potential

The mean hydrodynamic PS and PDI of the CA-loaded NPs were determined by
dynamic light scattering (DLS) using a Zetasizer Nano ZS (Malvern Instruments Ltd.,
Worcestershire, UK). Prior to measurement, NP samples were dispersed at an appropriate
concentration in distilled water without the addition of buffer or electrolyte (low-ionic-
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strength medium) and briefly vortexed to obtain homogeneous dispersions. Measurements
were performed at 25.0 £+ 0.5 °C. Measurements were performed in backscatter mode
(173°), and the refractive index and viscosity of the dispersant (water) were set to 1.330 and
0.8872 mPa-s (25 °C), respectively. The mean PS was reported as the intensity-weighted
z-average diameter obtained by cumulants analysis, which depends on the dispersant prop-
erties but not on the refractive index of the particle material. ZP was determined on the
same aqueous dispersions using the same instrument according to the electrophoretic light
scattering (ELS) principle using disposable folded capillary cells (DTS1070, Malvern In-
struments Ltd., Worcestershire, UK). PS, PDI, and ZP measurements were performed using
six samples (n = 6), and the results were expressed as mean + standard deviation. Similar
DLS and electrophoretic mobility approaches have been employed for physicochemical
characterization of NPs [75-78].

4.5. Determination of CA Content

The CA content of the NPs was determined using the validated UV-visible spectropho-
tometric method described above. Approximately 5 mg of each NP was accurately weighed
and dispersed in 1 mL of methanol:water (3:2, v/v). Samples were vortexed for 5 min to
ensure complete dissolution of the NPs. The resulting solutions were passed through a
0.22 ym membrane filter and appropriately diluted before spectrophotometric analysis at
278 nm. CA concentrations were calculated and the results were expressed as percentage
drug content (DC). Comparable approaches involving disruption or dissolution of the poly-
meric matrix of the NPs followed by quantitative determination of the incorporated drug
have been used for NP drug-content analysis [67,79]. The drug incorporation efficiency
(DIE) was calculated as follows: DIE (%) = (experimental DC/theoretical DC) x 100,
where the theoretical DC (50.0% and 33.3% w/w for the 1:1 and 1:2 NPs, respectively)
corresponds to the drug fraction of the total solids in the feed. Because nano spray drying
does not involve an external liquid phase, indirect determination of unincorporated drug in
a supernatant was not applicable.

4.6. Proton Nuclear Magnetic Resonance ('H-NMR) Analysis

'H-NMR analysis was performed to investigate the structural characteristics of CA
after NP incorporation and to evaluate potential molecular interactions between the CA and
the Eudragit® polymers. Appropriate amounts of pure CA, blank NPs, and drug-loaded
NPs were dissolved in deuterated chloroform (CDCl;). The spectra were recorded at room
temperature using a high-resolution Bruker NMR spectrometer operating at 400 MHz
(Bruker BioSpin GmbH, Rheinstetten, Germany), and chemical shifts were expressed as 8
values in parts per million (ppm). Spectra of the drug-loaded NPs were compared with
those of pure CA and the corresponding blank NPs. Characteristic proton signals, possible
chemical-shift changes, peak retention, and the appearance of new signals were evaluated to
investigate drug-polymer interactions and structural preservation following NP preparation.
NMR-based comparison of pure compounds and drug-loaded NP systems has similarly
been employed for structural characterization of NPs [80,81].

4.7. Fourier-Transform Infrared Spectroscopy

FT-IR spectroscopy was performed to evaluate the structural characteristics of CA and
possible interactions between the drug and polymeric components following NP forma-
tion. Spectra of pure CA, the individual polymers, blank NPs, and CA-loaded NPs were
recorded using an FT-IR spectrophotometer (IR Prestige-21, Shimadzu Corporation, Kyoto,
Japan). Spectra were acquired over the wavenumber range of 4000-500 cm~!. Characteristic
functional-group absorption bands of the drug-loaded NPs were compared with those of
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pure CA, ERS 100, ERL 100, and the corresponding blank NPs. The presence, retention,
disappearance, or shift of characteristic absorption bands and the possible appearance of
new bands were evaluated to assess structural preservation and potential drug-polymer
interactions following nano spray drying. FT-IR comparison of the active compound, poly-
meric carrier, and final NP is an established approach for investigating compatibility and
potential molecular interactions in NP systems [82,83].

4.8. Antibacterial Activity

The antibacterial activity of CA-loaded NPs was assessed using agar well diffusion,
broth microdilution, and time-kill assays, with free CA and corresponding blank NPs
included as comparators. All microbiological experiments were performed in triplicate.

4.8.1. Agar Well Diffusion Assay

Antibacterial activity was evaluated using the agar well diffusion method [84,85]
against Staphylococcus aureus ATCC 29213, Escherichia coli ATCC 25922, and Bacillus subtilis
NRRL B-478. Fresh bacterial suspensions were spread onto Mueller-Hinton agar (MHA)
plates. Wells (6 mm diameter, approximately 4 mm depth) were filled with 50 uL of each
NP (500 pg/mL; 25 pg NPs/well), free CA, or corresponding blank NPs. Chloramphenicol
served as the positive reference control. Plates were maintained at 4 °C for 2 h to allow
pre-diffusion, followed by incubation at 37 °C for 24 h. Inhibition zone diameters were
measured in millimeters.

4.8.2. Minimum Inhibitory Concentration

Minimum inhibitory concentrations (MICs) were determined by broth microdilution
in 96-well plates following CLSI recommendations (2024). The same bacterial strains were
tested using two-fold serial dilutions of NP-1-NP-6 and free CA (0.4-500 pg/mL) in Mueller—
Hinton broth (MHB). Bacterial suspensions were adjusted to 0.5 McFarland (approximately
10® CFU/mL), and 100 uL of each dilution was mixed with 100 pL of bacterial suspension.
Chloramphenicol and uninoculated MHB served as positive antibacterial and negative
controls, respectively. Following incubation at 37 °C for 24 h, 20 uL of 0.01% (w/v) resazurin
was added, and plates were incubated for another 4 h. MIC was defined as the lowest
concentration showing no detectable bacterial growth based on the resazurin color response.

4.8.3. Drug-Content-Normalized MIC and Fold-Change Analysis

To enable quantitative comparison of the antibacterial activity of free CA and CA-
loaded Eudragit® NPs, the experimentally determined minimum inhibitory concentration
(MIC) values were normalized according to the drug content of each NP. The analysis
included six NPs and three bacterial strains: Bacillus subtilis, Staphylococcus aureus, and
Escherichia coli. The drug-content-normalized MIC, expressed as the nominal CA-equivalent
MIC (MICcp.eq), was calculated using Equation (1).

MICCA—eq = MICNP X (DC/lOO) (1)

where MICyp represents the experimentally determined MIC expressed as total NP mass
(pg/mL), and DC represents the experimentally measured drug content (% w/w).

To quantify the relative inhibitory activity of each NP compared with free CA, the MI
fold-change was calculated using Equation (2):

MIC fold-change = MIC¢p eq;MICee ca (2)

where MIC¢,.. CA represents the MIC of free CA against the corresponding bacterial strain.
A fold-change value of 1 indicates an equivalent nominal antibiotic concentration at the
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MIC endpoint, whereas values greater than 1 indicate that a higher nominal CA-equivalent
concentration was required for growth inhibition compared with free CA. All calculations
were performed using the experimentally determined MIC endpoints and NP-specific drug
content values. The calculated CA-equivalent MIC values represent the nominal amount of
incorporated antibiotic and should not be interpreted as the concentration of CA released
from the NPs during incubation. Accordingly, the analysis was used for drug-content
normalization rather than as a direct measurement of antibiotic release or bioavailability.

4.8.4. Time-Kill Assay

Time-kill kinetics were evaluated against S. aureus ATCC 29213 and E. coli ATCC
25922 using NP-1-NP-6 and free CA at 62.5, 125, and 250 pg/mL. Standardized bacterial
suspensions were exposed to the NPs, and samples were collected at 0, 2, 4, 6, 8, and 24 h.
Samples were serially diluted and plated onto MHA, followed by incubation at 37 °C for
24 h. Viable colonies were enumerated and expressed as log;, CFU/mL. Untreated cultures
served as growth controls. Bactericidal activity was evaluated using the conventional
criterion of a >3 log;, CFU/mL reduction relative to the initial viable count [86]. Time-kill
curves were constructed by plotting viable counts against exposure time.

4.8.5. MIC-Normalized Time-Kill Exposure Analysis

To provide a concentration-adjusted interpretation of the time-kill experiments, the
tested concentrations of CA-loaded NPs and free CA were normalized to their respective
minimum inhibitory concentration (MIC) values. The analysis was performed separately
for Staphylococcus aureus and Escherichia coli at the three tested concentrations of 62.5, 125,
and 250 pg/mL. The MIC-normalized exposure ratio was calculated using Equation (3):

MIC-normalized exposure ratio = C,.i, MIC (3)

where C,.; represents the nominal concentration used in the time-kill assay (pg/mL), and
MIC represents the experimentally determined MIC of the corresponding NP against the
same bacterial strain. The calculated exposure ratios were expressed as multiples of MIC
(xMIC). Ratios below 1 were classified as sub-MIC exposures, a ratio of 1 represented
exposure at the MIC, and ratios greater than 1 represented supra-MIC exposures.

The analysis was conducted to determine whether differences in time-dependent bacterial
responses could be interpreted in relation to the relative inhibitory concentrations of individual
NPs. Because the MIC values of free CA were expressed in antibiotic mass, whereas those
of NPs were expressed in total NP mass, the calculated ratios were used only to characterize
NP-specific MIC exposure levels. Time-kill responses were interpreted according to established
principles for determining antimicrobial bactericidal activity. A reduction of at least 3 log;,
CFU/mL from the initial viable bacterial count was considered the conventional threshold
for bactericidal activity, whereas smaller reductions were interpreted as growth suppression
unless additional evidence supported a bactericidal effect.

4.9. Antibiofilm Activity

The effects of CA-loaded NPs on pre-established S. aureus ATCC 29213 and E. coli ATCC
25922 biofilms were evaluated using the crystal violet microtiter plate assay [87,88]. Bacterial
suspensions adjusted to 0.5 McFarland (approximately 108 CFU/mL) were dispensed
into 96-well plates (200 pL/well) and incubated statically at 37 °C for 24 h to establish
biofilms. Planktonic cells were removed, and wells were gently washed with phosphate-
buffered saline (PBS). Established biofilms were treated with NP-1-NP-6 or free CA at
15.62-500 pg/mL (two-fold serial dilutions) for 48 h at 37 °C. Untreated biofilms and
corresponding blank NPs served as controls. Following treatment, wells were washed
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with PBS, fixed with methanol, stained with 0.1% crystal violet, and washed to remove
excess dye. Retained crystal violet was solubilized with ethanol, and absorbance was
measured at 550 nm. Biofilm biomass reduction was calculated relative to untreated controls
(Equation (4)):

Biofilm biomass reduction (%) = [(OD¢ontrol = ODsample); ODcontrol ] % 100 (4)

Because crystal violet quantifies retained surface-associated biomass rather than bac-
terial viability, the results were interpreted as biomass reduction, not bacterial killing or
biofilm eradication [89,90].

Concentration-Response AUC Analysis of Biofilm Biomass Reduction

To quantitatively compare the overall antibiofilm responses of CA-loaded Eudragit®
NPs, the area under the concentration-response curve (AUC) was calculated using the
biofilm biomass reduction percentages obtained from the crystal violet assay. The analysis
included NP-1-NP-6 and free CA against Staphylococcus aureus and Escherichia coli. The
biofilm biomass reduction percentages obtained at six concentrations (15.62, 31.25, 62.5,
125, 250, and 500 ug/mL) were used for the analysis. Concentrations were transformed to
base-10 logarithmic values, and the AUC was calculated using the linear trapezoidal rule
according to Equation (5):

AUC = Z [(Y; + Yi41)/2] x [logyg(Ciy1) —10g10(Cy) ] (5)

where Y, and Y|, ; represent the percentage reductions in biofilm biomass at two consecutive
concentrations, and C; and C, ; represent the corresponding concentrations (pg/mL).
The summation was performed across the five intervals between the six concentrations.
AUC values were calculated independently for each NP and bacterial strain over the same
concentration range. Higher AUC values indicated greater integrated biofilm biomass
reduction across the tested concentrations.

The analysis was based on the concentration-specific biomass reduction percentages
reported in the experimental results. Accordingly, the resulting AUC values were considered
descriptive measures of the overall concentration-response profiles. Differences between
AUC values were not interpreted as statistically significant in the absence of replicate-level
AUC analysis. Furthermore, because crystal violet staining quantifies retained biofilm
biomass rather than viable bacterial counts, the calculated AUC values were not interpreted
as measures of bacterial killing, biofilm eradication, or NP penetration into the biofilm
matrix. This distinction is consistent with established methodological considerations for
quantitative biofilm analysis [2].

4.10. Statistical Analysis

Quantitative data are presented as mean + standard deviation (SD) from triplicate
experiments. Statistical analyses were performed using GraphPad Prism 8 following as-
sessment of data normality. One-way ANOVA with Tukey’s post hoc test was used for
comparisons among NPs, while two-way ANOVA with Tukey’s multiple comparisons test
was applied to antibiofilm (NP x concentration) and time-kill (treatment x time) data. MIC
values were reported descriptively.

Drug-content-normalized MIC, MIC fold-change, and MIC-normalized time-kill expo-
sure ratios were calculated and evaluated descriptively. Antibiofilm concentration-response
AUC values were determined using the trapezoidal rule over log;,-transformed concentra-
tions (15.62-500 pg/mL). As AUC values were derived from group means, no additional
statistical testing was performed. Statistical significance was set at p < 0.05.
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5. Conclusions

CA-loaded Eudragit® RS100/RL100 nanoparticles (NPs) were successfully prepared
using nano spray drying, with polymer composition and drug-to-polymer ratio influencing
their physicochemical and microbiological characteristics. FT-IR and 'H-NMR analyses
indicated no new covalent interactions. All drug-loaded NPs exhibited antibacterial activity,
whereas blank NPs were inactive. Drug-content-normalized MIC analysis confirmed the
greater planktonic potency of free CA, while NP-1 showed the most favorable MIC profile
among the NPs. MIC-normalized time-kill analysis revealed NP-dependent exposure
differences, with bacterial growth suppression predominating over bactericidal activity.
All NPs reduced pre-established Staphylococcus aureus and Escherichia coli biofilm biomass,
with NP-6 exhibiting the highest numerical concentration-response AUC values against
both strains. However, these findings did not establish statistical superiority, bacterial
killing, or biofilm eradication. Overall, the developed NPs demonstrated NP-dependent
microbiological performance rather than superiority over free CA. Further studies involving
drug-release kinetics, drug-equivalent comparisons, biofilm viability, and biocompatibility
are required to establish their potential as antibiotic delivery systems.
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Abbreviations

The following abbreviations are used in this manuscript:

CA Cefuroxime axetil

CFU Colony-forming unit

CLSI Clinical and Laboratory Standards Institute
DLS Dynamic light scattering

ELS Electrophoretic light scattering

Eudragit® RL 100 ERL 100
Eudragit® RS100 ERS 100

FT-IR Fourier-transform infrared spectroscopy
MHA Mueller-Hinton agar

MHB Mueller-Hinton broth

MIC Minimum inhibitory concentration
NMR Nuclear magnetic resonance

NP Nanoparticle
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OD Optical density

PBS Phosphate-buffered saline

PDI Polydispersity index

PS Particle size

RL100 Eudragit® RL100

RS100 Eudragit® RS100

SD Standard deviation

UV-Vis Ultraviolet-visible spectroscopy
zr Zeta potential

'H-NMR Proton nuclear magnetic resonance
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