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gastrointestinal system, which could bypass the stomach acidic pH. Interestingly, in silico docking revealed that CTX mostly bound
strongly and noncovalently with fibroin, particularly at glutamic acid, via hydrogen bonds, van der Waals forces, and 7—x
interactions, while PEG enhanced the stability of the system. Molecular dynamics simulations confirmed the complex’s stability
under physiological conditions. Lastly, life cycle assessment analysis showed that both formulation methods were environmental
friendly, with limited impacts on the ecosystem, and the adsorption method was “greener” than the co-condensation method.
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1. INTRODUCTION Drug delivery systems such as nanoparticles, commonly
employing a biomaterial as carrier, could load and control the
drug release favorably, thus avoiding the drug degradation in
the stomach.” Moreover, the drug—carrier interactions might
alter the drug physicochemical properties, making it more
absorbable in the small intestine. Regarding the biomaterials
used to formulate nanoparticles, silk fibroin has gained
increasing interests.” Fibroin is an amphiphilic polymer
generated from the cocoon of the silkworm Bombyx mori,

The oral route is among the most common methods of
pharmaceutical delivery because of its safety, patient
compliance, and low production costs." Nevertheless, conven-
tional medications, such as capsules and tablets, release active
components uncontrollably, resulting in unwanted drug
degradations in the gastrointestinal system.” This issue is
even more crucial for antibiotics since most antibiotics have

low oral bioavailability mainly due to their complex molecular/ which is highly biocompatible, biodegradable, and nontoxic.”
chemical structure and instability in the acidic environment of Silk fibroin nanoparticles (SFPs) have been utilized extensively
the stomach. Additionally, intravenous administration of to deliver various drugs/extracts, namely, paclitaxel,lo
antibiotics could extend hospitalization, which increases amphotericin B,'' different drugs belonging to four bio-
healthcare costs and the risk of healthcare-associated adverse pharmaceutics classification system (BCS) classes,'”"” Wedelia
events such as hospital-acquired infections.” The recent so- trilobata L. extract,'* and guava extract.'” SFPs are stable
called outpatient parenteral antimicrobial therapy (OPAT) throughout a wide pH range of 5—14 and remain stable at pH

program, which enables patients to do intravenous injection at

home, however, possesses various disadvantages, namely, the Received: February 5, 2025
complications from the self-administration devices, antibiotic Revised: ~ March 2, 2025
side effects and instability, and patient rejection and non- Accepted: March 7, 2025
adherence.® Thus, efforts have been made to improve the oral Published: March 14, 2025
delivery of antibiotics, possibly by encapsulation in a drug

delivery system.
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< 5 at 0.2% concentration, making them ideal for oral drug
administration.'® Furthermore, SFPs could attach to the
gastrointestinal mucosa or intestinal epithelial cells and be
endocytosed, makin; the encapsulated compounds reach the
bloodstream easily."

However, SFPs are prone to aggregations and accumu-
lations;'® thus, the functionalization of SEPs with polymers
such as polyethylene glycol (PEG) (PEG/SFPs), also known
as PEGylation, is commonly employed.lg_22 PEG is an
amphiphilic polymer, soluble in distilled water,” and is
generally used for the chemical modification of natural and
synthetic macromolecules in biological applications.”* Chemi-
cally active hydroxyl groups at both ends of the PEG chain
could interact with functional groups of fibroin like amine,
carboxylic, ester, and hydroxyl.”> Furthermore, the pharmaco-
kinetic characteristics of peptides, proteins, hydrophobic
polymers, medicines, and nanoparticles can be considerably
enhanced when being PEGylated.”® As a result, PEG has
emerged as the most widely utilized polymer in biomedical
research, with the FDA having authorized 20 PEGylated
liposomes or RNA liposomes for clinical use.””

Cefotaxime (CTX) is a broad-spectrum third-generation
cephalosporin antibiotic with low toxicity but limited oral
bioavailability.”**” CTX is active against both Gram-negative
and Gram-positive bacteria and is used in treating infections of
the respiratory tract and skin.’~*> Nevertheless, CTX is not
available as an oral medication due to its large and hydrophilic
structure, making it difficult to cross the lipid membranes of
the intestinal epithelium for absorption into the systemic
circulation.>®> Moreover, CTX is unstable in the acidic
environment of the stomach, which leads to significant
degradation before it can be absorbed.”* Both of these issues
could be overcome by encapsulating CTX in PEGylated SFPs
(PEG/SEPs-CTX).

Additionally, as previously mentioned, various studies have
developed SFPs for drug delivery. However, limited
information has been reported on the in-depth interactions
and chemical binding mechanisms of drug carriers (ie.,
between CTX, fibroin, and PEG), especially in physiological
conditions. Therefore, in this present work, in silico docking
and molecular dynamics (MD) simulations were used to study
this interaction with the fibroin model 3UA0.>> Docking
identified binding sites, types of interactions (i.e, hydrogen
bonds, van der Waals, and 7—7 interactions), and the stability
of the complex.”**” On the other hand, MD provided insights
into the stability and flexibility of the complex under various
physiological conditions, such as pH, temperature, and
aqueous environments.”® This combined approach assessed
the compatibility and efficacy of PEG/SFPs-CTX, supporting
the design of nanocarriers to improve CTX bioavailability and
therapeutic efficacy.

Another issue to note is that most nanoparticle formulation
methods/processes only focus on the efficacy and optimal
products but do not tackle the environmental concern. On the
one hand, nanoparticles themselves cause noteworthy threats
to humans and the environment, including cell death, DNA
damage, and soil and water pollutions.39 On the other hand,
the processes of making nanoparticles pose even more critical
damages since they often utilize harmful organic solvents,
equipment with high electricity usages, and toxic reagents/
byproducts.*’ Thus, critical concerns should be focused on the
green factors of the nanoparticle formulation processes. One of
the most widely used techniques for assessing the environ-

mental effects of these processes is life cycle assessment
(LCA). This approach is crucial for advancing sustainable
development because it helps firms analyze, assess, and
improve processes by identifying environmental impact
indicators, including ozone depletion, acidification, climate
change, and human toxicity."" Nevertheless, there is currently
little use of LCA in SFP formulation processes.

Ultimately, this research aimed to develop and characterize
PEG/SFPs, encapsulating CTX, for oral delivery by two
distinct methods of co-condensation and adsorption. Non-
functionalized SFPs were also formulated as a reference. The
selection of these methods was based on their regularity in
nanoparticle formulations, efficiency in drug incorporation,
process simplicity, and overall environmental impact. Co-
condensation was chosen for its ability to incorporate the drug
during particle formation, potentially enhancing uniformity
and stability, while adsorption was selected as a postformula-
tion method to minimize solvent use and preserve the native
properties of both the drug and carrier system. Therefore,
although both methods are commonly employed, they may
exhibit substantial differences in their environmental impacts,
which should be considered. Besides evaluating the general
particle physicochemical properties (i.e., size, zeta potential,
shape, morphology, drug entrapment efficiency, chemical
interactions, and CTX release profiles in the simulated
gastrointestinal tract), the work deeply focused on the CTX
molecular interactions with fibroin and PEG using in silico
docking and MD simulation. More importantly, LCA was used
to evaluate the greenness of the two utilized methods in the
study to select a more environmentally friendly method while
still ensuring a high nanoparticle generation efficiency.

2. MATERIALS AND METHODS

2.1. Materials. Silkworm cocoons from Bombyx mori were
obtained from Phuong Dinh commune, Truc Ninh district,
Nam Dinh province, Vietnam. CTX, in the form of sodium
salt, was purchased from the Long Chau pharmaceutical
system in Can Tho city, Vietnam. Sigma-Aldrich supplied PEG
1450. The Cemaco company provided absolute ethanol
(BtOH, 99.5%), calcium chloride (CaCl,), calcium nitrate
(Ca(NOs),), and sodium carbonate (Na,CO;).

2.2. Fibroin Extraction. The silk fibroin extraction
technique was done similarly to the work by Pham et al."
Specifically, sericin was removed by heating 5 g of dried
cocoons in 200 mL of 0.5% Na,COj; for 1 h at 80 °C. The
finished silk fiber was washed with distilled water and air-dried.
After drying, it was poured into a mixture of CaCl,, Ca(NOs;),,
H,0, and EtOH at a mass ratio of 30:45:5:20 and microwaved
for 2 min to generate a clear solution. The solution was then
dialyzed against distilled water using a cellulose filter (10,000
MWCO) at room temperature for 4 days. Finally, contam-
inants were removed from the solution by centrifugation at
6000 rpm for 30 min. The purified solution was freeze-dried to
yield fibroin powder.

2.3. Formulation of the Blank SFPs and PEG/SFPs.
The blank SFPs and PEG/SFPs were created by using the
simple one-pot condensation method. Briefly, to 1 mL of the
1/2% fibroin aqueous solution, 1 mL of the PEG aqueous
solution (0 (i.e., 1 mL water, for the nonfunctionalized
formula), 1, or 2%) was added. The final concentrations of
fibroin and PEG in the mixture were 0.5/1 and 0/0.5/1%;
thus, the formulas were abbreviated as SFPs-0.5, SFPs-1, PEG/
SFPs-0.5, and PEG/SFPs-1, respectively. Then, 10 mL of

https://doi.org/10.1021/acsomega.5c01089
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absolute EtOH was slowly added to the mixtures. The
spontaneously formed particles were then collected by
centrifuging at 6000 rpm for 10 min. Finally, the supernatant
was discarded, and the particles were washed with distilled
water thrice by centrifugation (6000 rpm, 10 min).

2.4. Preparation of the SFPs-CTX and PEG/SFPs-CTX.
To compare the product properties and the process greenness,
two distinct methods were used to prepare SFPs-CTX and
PEG/SFPs-CTX, namely, the co-condensation and the
adsorption method.

EE% =

initial amount of CTX(1 mg) — amount of CTX in supernatant

Co-condensation Method. For this method, the SFPs-CTX
and PEG/SFPs-CTX were prepared similarly to those of the
blank particles (Section 2.3). The CTX powder (1 mg) was
dissolved in the aqueous phases containing fibroin with and
without PEG. All other formulation steps were conducted as
described in Section 2.3. The CTX concentration in the
supernatant, after the final centrifugation step, was determined
using a Jasco V730 spectrophotometer at a wavelength of 234
nm and calculated using a calibration curve (y = 0.0939x —
0.008 (R* = 0.9996)). The CTX entrapment efficiency (EE%)
was determined using eq 1.

X 100(%)

initial amount of CTX(1 mg) (1)

Adsorption Method. For this method, the blank particles
were first formulated as described in Section 2.3 and
redispersed in 50 mL of water containing 1 mg of CTX
(final concentration of 20 ug/mL). The adsorption was carried
out for 4 h under gentle stirring. Every 30 min, 2 mL of the
dispersion was withdrawn, and the aspirates were UV—vis
analyzed to determine the remaining drug concentration and
the percentage of adsorbed CTX at each time point. After the
adsorption duration, the particles were recovered by
centrifuging the dispersion at 6000 rpm for 10 min. Finally,
the particles were washed with distilled water thrice by
centrifugation (6000 rpm, 10 min). To describe the adsorption
process, general thermodynamic models were employed

(Table 1).

Table 1. Models Used to Calculate the CTX Adsorption and
Release Processes

adsorption
model equation parameter
Dubinin— In g, = In g, — fe* p: adsorption energy constant
Radushkevich L (mol?/]); e: Polanyi potential
(D-R) € =RT 1“(1 + a) energy; ¢,: maximum

adsorption capacity (mg/g); g;:
adsorption capacity at
equilibrium time and at time ¢
(mg/g); k,: apparent first-order
(1/min); k,: second-order
adsorption rate constant

g L
7

pseudo-first- In(q, - q) =1In(q.) -

order kinetics Wt

pseudo-second- £ 1 +

order kinetics % ka9 (g/mg-min)
release model equation parameter
zero-order M, = M, + kot M,: initial amount; M;: release

kinetic amount at the time point t; ky, k;,
kyy, kuc, and kgp: the release

first-ord In(M,) = In(M,) —
rlzjn(:;icer n tt) n(Mo) constants of the zero-order, first-
) ) ! 12 order, Higuchi, Hixson-Crowell,
Higuchi M, = kyt and Korsmeyer-Peppas models
Hixson— 1
Crowell M,* =Mo" = kyct
Korsmeyer— My _ kot
Peppas Mo

2.5. Particle Characterizations. The particles were
characterized in terms of general properties of size, charge
(zeta potential), shape, morphology, chemical interactions,
crystallinity, and in vitro CTX release in simulated oral
condition.

Particle Size and Charge. The average size of the particles
and size distribution (polydispersity index) were assessed using
a MicroTrac S3500 analyzer by the dynamic light scattering
(DLS) technique. The samples were dispersed in S mL of

distilled water, homogenized using a Mison ultrasonicator for
20 min, and measured at 25 °C with a fixed angle of 90°
following the machine instructions. The particle charge was
also measured similarly to that of the size utilizing the phase
analysis light scattering (PALS) technique.

Particle Morphology. The particle shape and morphology
were examined with a scanning electron microscope (SEM)
(Carl Zeiss, Germany). The particles were redispersed in water
to a count rate of 400 kcps (estimated using the DLS method).
The dispersions were then dropped and immobilized on a
carbon disc mounted on a metal substrate coated with a 10 nm
layer of gold, which were analyzed using SEM.

Chemical Interactions and Crystallinity. The structure and
interactions between CTX, fibroin, and PEG in the particles
were assessed using Fourier-transform infrared spectroscopy
(FTIR), X-ray diffractometry (XRD), and differential scanning
calorimetry (DSC) techniques. The FTIR measurements were
made using a JASCO FT/IR-6300 (Jasco, Japan), with the KBr
pelleting method, a resolution of 1 cm™, and a spectral range
of 4000—400 cm™'. The XRD was conducted in the 26 range
of 10—50° using D8 Advance (Bruker, USA), with Cu Ka
radiation (45 kV, 36 mA) and a scan speed of 2°/min. The
DSC was performed by DSC-1 STAR (Mettler Toledo, USA),
with a scanning rate of 10 K/min, in the range of 50—250 °C
under a nitrogen flow rate of 100 mL/min.

The crystallinity index (CI) was used to determine particle
crystallinity, which is defined as the ratio of the material’s
crystalline proportion to the sum of its crystalline and
amorphous fractions. The CI value was calculated using the
FTIR signal intensities for the fibroin amide I and amide II
bands™** (egs 2 and 3). The signal intensities of the fibroin
crystalline sections at amides I and II are D4, and D55,
respectively, while the signal intensities of the fibroin
amorphous portions at amides I and II are D44 and D54,

CL.. = Di4r,
1 G —
Dign + Diess (2)
CL.. = Di5y7
1 G ——
Dis517 + Diseo (3)

In Vitro CTX Release. The CTX release profile from the
SFPs-CTX and PEG/SFPs-CTX was carried out by modeling
the pH change of the gastrointestinal system.*>** First, at 37
°C and constant shaking, the particles were dispersed in 10 mL
of HCI pH 1.2, simulating the pH environment of the stomach,
and CTX was released in 2 h. Then, the particles were

https://doi.org/10.1021/acsomega.5c01089
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Figure 1. Procedure and molecular docking analysis of CTX, fibroin (3UAO0), and PEG.

transferred into 30 mL of PBS buffer (pH 6.8), simulating the
pH environment of the small intestine, and CTX was released
in 4 more hours. At each 30 min survey time, exactly 2 mL of
the sample was withdrawn and supplemented with 2 mL of the
corresponding medium solution. The aspirates were centri-
fuged (18,000 rpm, S min), and the released CTX in the
supernatant was quantified using UV—vis spectroscopy and the
respective standard curves (concentration range of 0—10 ug/
mL). For the HCl medium, the maximum absorption
wavelength was 236 nm, and the regression equation was y =
0.0258x + 0.0007, R* = 0.9986; for the PBS medium, the
wavelength was 204 nm, and the regression equation was y =
0.037x — 0.0256, R*> = 0.9966. The cumulative CTX release
percentage was calculated using eq 4. The release kinetics was

also fitted with various models as described in Table 1.*°
v, +vylc
% cumulative CTX release = % X 100(%)
Mo - 21 Mi
4)

where C, and C; are the concentrations of CTX released at time
points ¢ and i, V; is the entire volume of the buffer, V is the
withdrawal sample volume at each time point (2 mL), M is
the initial quantity of CTX, and M,; is the total amount of CTX
withdrawn at time point i.

2.6. Docking Analysis. To deeply understand the
interactions among CTX, fibroin (3UAO protein), and PEG
in the particles, in silico docking was performed (Figure 1).
Binding positions and interaction types, such as hydrogen
bonds, van der Waals forces, and 7—7x interactions, were
analyzed to evaluate the complex’s affinity and stability.”” The
docking process was composed of two main steps.* First, the
3D structures of CTX and PEG were optimized to reach their
minimum energy state. The MMFF94x force field was
commonly used for small molecule geometry optimization,
ensuring correct bond lengths, angles, and torsion energies,
which helps stabilizing the ligand conformation. The 3UAO
protein was retrieved from the Protein Data Bank (PDB),
which provides experimentally determined protein structures,
and the water molecules were removed to avoid unwanted
artifacts. Second, the docking phase involved computational
techniques to simulate and evaluate the ligand’s binding to the
protein, utilizing the triangle matching method, with 1000
docking and 200 fragmentation configurations. Each docked
pose was evaluated using a scoring function, which measures
binding affinity by considering hydrogen bonds, van der Waals

11630

forces, and 77—z interactions. The docking score (DS) reflects
the predicted free energy of binding (i.e., <—4 kcal/mol is
considered strong binding). Configurations with the lowest
docking scores (best binding energies) and acceptable
conformational root-mean-square deviation (RMSD < 2.5 A)
were selected for further analysis.

2.7. Molecular Dynamics Simulation. MD simulations
were conducted following three main steps, as follows: (1)
Data preparation: Ligands and proteins were optimized by
adding hydrogen atoms, applying the CHARMM-27 force
field, and generating topology before forming the ligand—
protein complex.’® (2) MD simulation: The system was placed
in a solvated dodecahedron box (1.0 nm from boundaries),
neutralized with ions (0.15 M NaCl), energy minimized, and
equilibrated at 300 K and 1 bar before MD simulation. (3)
Result analysis: The stability of the complex was assessed by
using RMSD and root-mean-square fluctuation (RMSF), and
interaction types were analyzed to understand system
dynamics and stability.

2.8. Greenness Assessment of Process. To assess the
greenness and the environmental effect of SFPs formulation
processes (i.e,, co-condensation and adsorption), this study
employed the Ecochain Mobious software for LCA of
experimental techniques, with standard 25 output variables.
Ecochain Technologies, located in The Netherlands, created
this software, which has been certified 9001:2015 and
27001:2017 by the International Organization for Stand-
ardization (ISO).*” The input factors analyzed and employed
in the assessment included electrical energy, solvents, and
chemicals. Ecoinvent v3.9.1 was incorporated into the
Ecochain Mobious software as a database for the LCA study,
which complied with international standards like ISO 14040
and ISO 14044.*

2.9. Statistical Analysis. The quantitative experiments
were carried out a minimum of three times and presented as
mean + standard deviations (SDs). Statistical comparisons
were conducted using the Student’s ¢ test and one-way analysis
of variance (Excel) with a significant p-value of <0.0S.

3. RESULTS AND DISCUSSION

3.1. Particle Physicochemical Properties. Size, Size
Distribution, EE%, Charge, and Morphology. First, by
variation of the fibroin concentration (SFPs-0.5 and SFPs-1),
the particle size significantly increased from 378 nm (492 nm
for CTX-loaded particles) with a fibroin concentration of 0.5%
to 451 nm (633 nm for CTX-loaded particles) with a fibroin

https://doi.org/10.1021/acsomega.5c01089
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Table 2. Particle Size, Size Distribution (Polydispersity Index, PI), Charge, and Entrapment Efficiency (EE%) of SFPs and

PEG/SFPs (n = 3)°

particles SFPs-0.5 SFPs-1 PEG/SFPs-0.5 PEG/SFPs-1
size (nm) blank 3784 + 11.1° 4514 + 20.5% 194.0 + 8.1° 165.8 + 11.98
CTX-loaded (co-condensation) 492.0 + 16.2° 633.1 + 15.0¢ 247.8 + 10.7° 2122 + 12.1t
CTX-loaded (adsorption) 389.2 + 10.3° 446.6 + 19.2" 195.1 + 10.4° 171.9 + 13.08
PI blank 0214 + 0.013 0.182 + 0.012 0.208 + 0.031 0.176 + 0.018
CTX-loaded (co-condensation) 0.179 + 0.021 0.151 + 0.019 0.194 + 0.017 0.189 + 0.022
CTX-loaded (adsorption) 0.144 + 0.015 0.162 + 0.010 0.185 + 0.026 0.173 + 0.011
charge (mV) blank -31.1 + 1.4° -30.5 + 1.8% -253 + L1° -232 + 1.3°
CTX-loaded (co-condensation) —322 +2.5° -30.7 + 1.7 —24.6 + 1.0° -22.8 + 1.1
CTX-loaded (adsorption) -30.1 + 1.5* -31.1 + 1.0 —239 + 2.0 —25.0 + 1.6°
CTX EE% co-condensation 55.7 + 4.1° 56.2 + 3.7° 559 + 4.3° 572 + 4.2°
adsorption 52.6 + 3.8° 54.1 + 3.9° 57.8 + 4.0° 57.7 + 4.0°

“Different letters (a—h) denote significant differences between samples in the same category.

Figure 2. SEM images of (A) SFPs, (B) PEG/SFPs, (C) SFPs-CTX formulated by the co-condensation method, (D) PEG/SFPs-CTX formulated
by the co-condensation method, (E) SFPs-CTX formulated by the adsorption method, and (F) PEG/SFPs-CTX formulated by the adsorption
method.

concentration of 1% (Table 2). This phenomenon occurred
due to the aggregations of fibroin molecules during the
condensation process. Consequently, as the fibroin concen-
tration increased, the number of fibroin molecules presented in
the solution also rose, promoting aggregation and resulting in
the formation of larger particles.'”*’ Expectedly, these
aggregations were reduced with the incorporation of PEG,
yielding smaller particles.'” The higher the PEG concentration
is, the smaller are the particle sizes. PEG reduces SFP
aggregation primarily due to the steric stabilization effect. PEG
chains form a dense, brush-like layer on the SFP surface, thus
preventing SFPs from coming close enough to aggregate.
When two PEG/SFPs approach each other, the PEG chains
compress, which are energetically unfavorable. This steric
repulsion kept the particles apart.

Second, the incorporation of CTX significantly increased the
particle size in the co-condensation method but not in the
adsorption method (Table 2). This was due to the fact that in
the co-condensation method, the drug molecules condensed
(i.e., precipitated) from the aqueous phase simultaneously with
the fibroin molecules. Therefore, CTX was mostly encapsu-
lated in the particle core (i.e., matrix type), thus enlarging the
particle sizes. On the other hand, in the adsorption method,
CTX was in the molecular dispersion form and only adhered
on the particle surfaces during the formulation process.
Consequently, the particles sizes did not alter much compared
to the blank counterparts. Regarding the size distribution, all
formulas possessed narrow size distribution patterns, with PI of
<0.3.>°

For the particle charges, the nonfunctionalized SFPs showed
a negative surface charge, corresponding to the inherent fibroin
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Figure 3. (A) XRD pattern and (B) DSC spectra of the particles. For comparison purposes, the graphs were regenerated from the numerical data

obtained during the experiments using the Origin software.

negative zeta potential at pH 7.0.°" The functionalization with
PEG slightly reduced the particle surface charge, possibly due
to the coating effect of PEG. Since PEG is coated on the
particle surfaces and it is a noncharged moiety at pH 7.0, the
overall zeta potentials of the systems were decreased. Another
issue to notice was that the CTX incorporation did not alter
the particle charge, which was because CTX is nonionized at
pH 7.0.

In terms of the CTX EE%, both formulation methods and
both particle types (i.e., nonfunctionalized and PEG-function-
alized) yielded similar EE% of ~ 50%, demonstrating that the
loading capacity of the particle system remains constant when
PEG is included in the particle structure. The EE% of 50%,
although not high, is generally considered adequate for the
nanoparticulate system in encapsulating and delivering
pharmaceutical compounds.'>*’

Lastly, under SEM imaging (Figure 2), the particles
appeared to be spherical. Interestingly, compared to the
blank SFPs, which possessed a smooth morphology and an
aggregated pattern (in agreement with previous studies'®'”),
the PEG/SFPs showed more uniform unaggregated particles
with a rougher surface. This was due to the coating effect and
steric hindrance effect of PEG, as previously discussed.
Regarding the formulation methods, CTX-loaded particles
formulated by the co-condensation method demonstrated clear
CTX crystalline crystals on the particle surfaces due to the fact
that CTX was co-condensed (i.e., coprecipitated) with fibroin
molecules, changing its polymorph from amorphous in the
aqueous solution to crystalline in the particles.”* On the other
hand, CTX-loaded particles formulated by the adsorption
method showed no observable crystals, indicating that the
CTX was adsorbed onto the particle surfaces as a molecular
amorphous form.

Conclusively, the two distinct formulation methods resulted
in particles with similar PI, charge, and EE% but different sizes
(co-condensation > adsorption) and morphology (rough with
surface CTX crystal in co-condensation and smooth with
surfaice CTX molecules in adsorption). These differences
significantly affected the particle release properties, as
discussed later.

Chemical Interactions and Crystallinity. The XRD pattern
(Figure 3A) reveals the typical fibroin structure, which has a
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large peak at around 20 = 20°. The SFPs sample has a similar
structure to that of the fibroin powder, but the intensity of the
peak rises due to fibroin’s structural change from amorphous
a-helices to antiparallel f-sheet in the particles, which
enhances crystallinity.” The PEG/SFP sample has a similar
structure to SFPs and lacks the typical PEG peaks because the
PEG concentration in the sample was low (i.e, 0.5 and 1%).
This means that the PEG functionalization did not significantly
alter the fibroin structure. Furthermore, the DSC spectra
(Figure 3B) of SFP and PEG/SFPs particles differ in the phase
transition temperatures, which are 140 and 125 °C,
respectively. This suggests that the incorporation of PEG, an
amorphous polymer, slightly reduces the thermal stability of
the whole system.

The interaction of the components in the particulate system
with CTX is shown through the FTIR spectrum (Figure 4). To
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Figure 4. (A) FTIR spectra of the blank particles, (B) crystallinity
(CI), (C) FTIR spectra of CTX loaded particles by the co-
condensation method, and (D) FTIR spectra of CTX loaded particles
by the adsorption method. For comparison purposes, the graphs were
regenerated from the numerical data obtained during the experiments
using the Origin software.
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this end, the FTIR spectra of the blank particles demonstrated
the distinctive structure of fibroin at 1626—1620 cm™' (amide
I, C=O0 stretching vibration), at 1515—1526 cm™ (amide I,
N—H bending vibration), and at 1231—1261 cm™" (amide IIJ,
C—-N and N-H functional groups).'”** The PEG/SFPs
particles exhibited the typical PEG peak at 2878 cm ™', which
represents the vibration of the methylene group in the PEG
structure.’” As a result, the FTIR spectrum confirmed that
PEG was effectively incorporated into the SEPs. In terms of the
CTX-loaded particles, the FTIR spectra showed recognizable
CTX peaks in particles formulated by both co-condensation
and adsorption techniques. CTXs structure includes the C—O
functional group of the f-lactam ring, which corresponds to
position 1759 cm™.>® The distinctive peaks of CTX coincide
with the signals of fibroin and PEG in the condensation
technique; therefore, the FTIR spectrum does not clearly show
the peak location. On the other hand, the drug molecules
adsorbed on the particle surface in the adsorption approach,
allowing the distinctive peaks of CTX to be identified when
evaluating the FTIR spectra. Furthermore, the CI values of the
particles before and after drug loading remained constant,
indicating that CTX had no effect on the particle structure.
Adsorption Study. To further understand the mechanisms
of CTX adsorption into the particles in the adsorption
preparation method, an in-depth analysis was conducted. For
this, the SFPs and PEG/SFPs exhibit comparable CTX
adsorption capabilities under the same circumstances (Figure
5). The adsorption process was quick and efficient for the first
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Figure S. Adsorption process of CTX over time of the particles (n =
3).

30 min, reaching ~50%, after which it progressively
diminished. Because CTX is a big molecule, the interactions
between the particle and drug molecules consists mostly of
weak hydrogen bonds, van der Waals forces, and n—x
interactions (further discussed in the docking section). Thus,
if the drug molecules occupy the adsorption sites, the
adsorption process is nearly balanced. As a result, after 30
min, the adsorption effectiveness decreased due to the
desorption of CTX from the particles into the surrounding
environment. The D—R model demonstrates that CTX
adsorption processes were completely physical, with E < 8
kJ/mol (Table 3). The adsorption kinetics equation demon-
strates that the adsorption process followed second-order
adsorption kinetics (Table 3). The small slope coefficient
suggests that the adsorption process was rapid, which was
entirely consistent with the experimental results.

In Vitro CTX Release. The CTX release investigation from
the particle system was carried out by imitating the pH change
of the digestive tract. For the first 2 h, the release medium was
simulated gastric juice (HCl pH 1.2) followed by 4 h of
simulated small intestine juice (PBS buffer pH 6.8). The
release process differs significantly from the particles
formulated by the co-condensation and adsorption methods
(Figure 6). In a pH 1.2 setting, the co-condensation approach
has a poor drug release efficiency, i.e., around 10% in 2 h. This
was due to the limited solubility of CTX crystals, which are
located on the particle surfaces, at pH 1.2. CTX has a pK, of
2.73; thus, at pH 1.2, CTX solubility significantly decreases
due to the protonation of functional groups. When the
environment changed, the release efliciency of all four types of
particles improved linearly at pH 6.8. This was again due to the
solubility of CTX; at neutral pH, the CTX solubility is
generally good, making it suitable for formulation in injectable
forms. The neutral pH is optimal for cefotaxime’s stability as
well. Accordingly, PEG/SFPs-1-CTX particles had the highest
release efficiency (52.88 + 0.9%) followed by PEG/SFPs-0.5-
CTX, SFPs-1-CTX, and SFPs-0.5-CTX. The PEG/SFPs had a
higher release ability than the SFPs because PEG serves as a
surfactant, emulsifying the CTX and boosting both release
time and percentage. Moreover, PEG is a water-soluble
polymer; thus, coating the particles with PEG improves
wettability and solubility,”* resulting in high release efficiency.
Additionally, the PEG/SFPs had smaller particle sizes than
those of SFPs, consequently increasing the surface-area-to-
volume ratio and enhancing the particle contact with the
surrounding medium.

Table 3. Parameters of First-Order Kinetics, Second-Order Kinetics, and the D—R Model for the CTX Adsorption Process

model sample R?
first-order kinetics SFPs-0.5 0.1530
SFPs-1 0.0587
PEG/SFPs-0.5 0.5024
PEG/SFPs-1 0.0572
second-order kinetics SFPs-0.5 0.9934
SFPs-1 0.9825
PEG/SFPs-0.5 0.9845
PEG/SFPs-1 0.9958
D—-R SFEPs-0.5 0.9928
SFPs-1 0.9765
PEG/SFPs-0.5 0.9916
PEG/SFPs-1 0.9980
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q. (mg/g) K, K, E (kJ/mol)

1.84 —0.0023

1.30 0.0015

6.57 0.0119

3.39 0.0035

18.72 0.0029

17.57 0.0032

17.27 0.0034

17.79 0.0032
0.42
0.41
0.38
0.42
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Figure 6. Release profile of CTX loaded particles formulated by the (A) co-condensation method and (B) adsorption method.

Table 4. Parameter Values of the Release Kinetic Models of Nanoparticles Formulated by the Co-condensation and
Adsorption Method

method model SFPs-0.5 SFPs-1 PEG/SFPs-0.5 PEG/SFPs-1
co-condensation  zero-order R? = 0.8455, ky = 0.0972 R? = 0.8825, ky = 0.1504 R? = 0.8553, ky = 0.1745 R* = 0.8554, ky = 0.1892
first-order R* = 0.8417, k; = 0.0005 R* = 0.9281, k, = 0.0009 R* = 0.9707, k, = 0.0009 R* = 0.9225, k; = 0.0012
Higuchi R? = 0.8647, ky = 2.3844 R* = 0.9901, kyy = 2.6591 R* = 09811, ky = 3.1195 R* = 0.9832, ky = 3.3873

Hixson—Crowell

R* = 0.8431, kyyc = —0.0017

R* = 0.9142, kyc = —0.0028

R* = 0.0.9011, kyc = —0.0034

R? = 0.9028, kyyc = —0.0038

Peppas R* = 0.9585, n = 0.5778 R* = 0.9786, n = 0.6764 R? = 0.9668, n = 0.7069 R* = 0.9670, n = 0.7215
adsorption zero-order R? = 0.7460, k, = 0.0889 R?* = 0.7864, k, = 0.0890 R? = 0.8307, k, = 0.1094 R* = 0.8533, ky = 0.1211

first-order R? = 0.7876, k; = 0.0005 R* = 0.8263, k; = 0.0003 R* = 0.8750, k; = 0.0006 R* = 0.8990, k, = 0.0007

Higuchi R* = 0.9287, ky = 1.6560 R? = 0.9493, ky = 1.6350 R* = 0.9700, ky = 1.9737 R* = 0.9820, ky = 2.1696

Hixson—Crowell

Peppas

R?* = 0.7740, kyc = —0.0016
R? = 0.9436, n = 0.5961

R* = 0.8134, kyc = —0.0016
R? = 0.9542, n = 0.5918

R? = 0.8610, kyc = 0.0020

R? = 0.9613, n = 0.6236

R? = 0.8846, kyc = 0.0022
R? = 0.9668, n = 0.6397

Table S. Energy, Distances, and Types of Interactions among CTX, Fibroin (3UA0), and PEG”

ligands DS RMSD (A) E_conf E _place E_scorel E_refine E_score2
CTX —6.018 0.716 3.531 —84.887 —10.657 —31.809 —6.018
PEG —-5.935 1.391 2.049 —66.805 —10.645 —32.635 —-5.935
CTX interactions distance (A) E (kcal/mol)
O 45 OE1l GLU 94 (A) H-donor 2.96 —4.3
o) 17 NZ LYS 82 (B) H-acceptor 3.54 -23
O 21 NE2 GLN 65 (B) H-acceptor 2.94 —0.8
(¢) 47 NE2 GLN 65 (B) H-acceptor 2.95 -1
PEG interactions distance (A) E (kcal/mol)
OH3 OE1 GLU 94 (B) H-donor 2.83 24
OH4 9 CA ASN 24 (B) H-acceptor 3.44 -0.7
OH7 30 N ILE 23 (B) H-acceptor 3.32 -32

“Distance: RMSD (A).

For the adsorption approach, all four particle systems rapidly
release CTX in the HCI environment because the drug was
loaded via adsorption on the particle surface. Thus, the drugs
were in the amorphous forms; hence, when in contact with the
buffer, CTX was quicker to release than the drug condensed in
the particles. Moreover, no significant difference was observed
between the drug release effectiveness of the four types of
particles formulated by the adsorption method.

The kinetic calculations suggest that the release mechanism
followed the Higuchi and Korsmeyer—Peppas models (Table
4). According to the Higuchi model, the drug’s solubility
determines the release mechanism; water-soluble medicines
have a favorable release proﬁle.ss’56 This is consistent with
CTX high solubility in PBS at pH 6.8. Moreover, the drug
release process aligns with the Korsmeyer—Peppas model’s
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diffusion—disintegration mechanism since all SFPs-0.5, SFPs-1,
PEG/SFPs-0.5, and PEG/SFPs-1 particles have n values
between 0.45 and 0.9.°7 Furthermore, depending on the
particle structure, the polymer chain created has a matrix
structure with holes that aid in drug diffusion. The structure of
PEG/SFP particles comprises PEG, a water-soluble polymer,
which can erode and destroy the particle structure during the
release process. As a result, both particles formed by the co-
condensation and adsorption methods had identical release
processes in the small intestine environment.

Last but not least, it is worth noting that not 100% of CTX
was released into the medium, which could be due to the fact
that some CTX may remain within the SFPs due to strong
interactions with fibroin (proven by the in silico docking
results). Thus, it is likely that the remaining CTX will continue
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Figure 7. Two- and three-dimensional molecular interaction analyses of CTX, fibroin (3UA0), and PEG.

to be released over an extended period. However, because the
common gastrointestinal retention time is 6 h, we did not
prolong the study release time. Future studies with a prolonged
release time could be conducted to confirm this hypothesis.

3.2. Docking Analysis and MD Simulation. Docking
Analysis. To further investigate the interactions between CTX,
fibroin, and PEG in the particles, in silico docking study and
MD simulation were employed. First, the docking results show
that both CTX and PEG demonstrate stable binding, as
indicated by their low DS values (—6.018 and —5.935,
respectively) (Table S and Figure 7). RMSD values indicate
slightly higher deviation for PEG compared to CTX. CTX
shows slightly better refinement and final score (E_score2)
compared to PEG, suggesting slightly more favorable binding.
When CTX and FEG are simultaneously present, the binding
site changes and the bond strength increases, as evidenced by
the shortening of the hydrogen bond lengths.

Specifically, CTX forms strong H-donor and H-acceptor
bonds with the most significant interaction (—4.3 kcal/mol)
involving OE1 of GLU 94. The hydrogen bond distances were
within the ideal range (2.5—3.5 A), ensuring interaction
stability. CTX achieved a DS of —6.018, indicating strong
ligand—protein affinity, with an RMSD value of 0.716 A,
demonstrating stability postoptimization. DS values below —§
are generally considered good, with lower values indicating
more stable binding. The E_conf of 3.531 states that CTX
exhibits a relatively higher conformational energy, indicating
that it undergoes significant structural adjustments upon

binding to fit the fibroin pocket. The highly negative

E_place value (—84.887) reflects the strong initial placement
of CTX in the binding pocket driven by its compatibility with
the fibroin active site. The E_refine of —31.809 suggests that
the interactions were mainly noncovalent forces such as
hydrogen bonds, van der Waals forces, and 7—x interactions.

For PEG, PEG forms weaker bonds compared to CTX, with
the strongest interaction (—3.2 kcal/mol) involving the N of
ILE 23. The DS for PEG was —5.935, reflecting significant
ligand—protein affinity, with an RMSD value of 1.391 A,
ensuring structural stability. This is consistent with its smaller
size and simpler structure, leading to fewer opportunities for
specific interactions. A small E_conf of 2.049 indicates that
PEG requires less conformational adjustment than CTX, likely
due to its flexible and less complex structure. The van der
Waals forces and n—7 interactions between PEG and fibroin
aromatic residues (i.e., Phe826) further enhanced the
complex’s stability.

In combination, CTX and PEG can exert a strong binding
tendency with Glu during protein binding due to the hydroxyl
and carbonyl functional groups in their structures. The 7—x
interactions play an important role in stabilizing the binding,
reducing the system energy, and explaining the high affinity of
both of these substances for fibroin. Overall, PEG was found to
not cause any loss of stability or hinder the interaction between
CTX and fibroin, ensuring that the combined system PEG/
SFPs-CTX is highly stable and compatible in the digestive
environment. In particular, fibroin and PEG have the ability to
protect CTX, a sensitive antibiotic that is easily degraded by
digestive enzymes (such as f-lactamase and, protease) and
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Figure 8. Molecular dynamics analysis of CTX—PEG—fibroin (3UA0O) complexes.

gastric acid pH, by forming strong bonds, helping to enhance
the protective and stable effect of CTX in the drug delivery
system.

MD Simulation. MD simulation in a physiological aqueous
environment (pH 6.8) confirmed the system’s physiological
relevance (Figure 8). For this, the PEG/SFPs-CTX was
surrounded by an ion-neutralized aqueous solvent environ-
ment, demonstrating that the simulation was performed under
physiological conditions. This ensured that the complex was
tested in an environment similar to real-life conditions, helping
to assess the biocompatibility of the system. The CTX—fibroin
complex showed RMSD values of 1.0—2.0 nm after S ns,
indicating adequate stability in the buffer. The PEG—fibroin
interactions displayed lower RMSD values (0.4—0.6 nm),
suggesting minimal structural disturbance by PEG in the PEG/
SFPs-CTX particles. RMSF analysis showed stable protein
regions (<0.2 nm) and confirmed that PEG’s interaction did
not destabilize the fibroin structure. Furthermore, the RMSF
results show the degree of fluctuation of specific regions in the
fibroin protein when bound to CTX and PEG. With CTX, the
RMSF is concentrated in the side chains, while the core
structure has low values (<0.2 nm), indicating the stability of
the complex. For PEG, the RMSF of the polymer-exposed
regions fluctuates below 0.4 nm, ensuring that PEG does not
destabilize or disrupt the protein structure.

In conclusion, the MD simulation reveals that, in the
physiological environment, both CTX and PEG interactions
with fibroin are stable, with RMSD profiles confirming this
over time. The CTX—fibroin composite reached equilibrium
after 5 ns with good RMSD and RMSF, ensuring effective
binding. Moreover, PEG conjugation potentially enhances the
structural rigidity in some regions, as observed in RMSF
profiles. The solvated models ensure a realistic interaction
behavior, which is critical for understanding the complex’s
dynamics. This result confirms the ability of the PEG/SFPs-
CTX to protect CTX and supports its application as an
effective drug delivery system.>®
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3.3. Greenness Assessment of the Process. In recent
years, “sustainable chemistry” has gained increased attention
from scientists and environmental activists, and the trend of
“green” and “environmental friendly” has grown popular. As a
result, rather than focusing on the finished product, emphasis
has been directed toward the potential negative environmental
implications of the entire production cycle, including raw
materials, manufacture, use, and reuse. To regulate variables
that might have an adverse effect on the environment and
minimize needless inputs, the solvents, chemicals, and energy
used in the production of nanoparticles should be carefully
selected, controlled, and optimized. For this, several studies
have chosen to employ LCA to evaluate the life cycle of
nanoparticle formulation processes.”” ™

However, there has been no study applying the LCA
assessment to evaluate the formulation process greenness of
the PEG/SFPs-CTX. As a result, LCA was applied for the first
time throughout this procedure. To ensure the use of
ecologically safe solvents, both formulation methods predom-
inantly rely on aqueous solvents of water and ethanol, which
inherently reduce environmental and health risks. Ethanol was
used as a precipitating agent in the co-condensation method,
which is considered a relatively green solvent due to its low
toxicity and biodegradability. Ethanol is classified as a Class 3
solvent according to ICH guidelines, indicating a low risk to
human health and the environment (Figure 9). Regarding
chemicals and waste, fibroin and PEG, the main biomaterials
used, are biocompatible and biodegradable. In addition, the
research prioritized the use of locally accessible raw materials,
such as silkworm cocoons, to reduce emissions from
transportation vehicles. The process of CTX loading is
achieved through either direct co-condensation or adsorption.
Neither method requires hazardous cross-linkers or stabilizers,
reducing the risk of toxic waste generation. Additionally, the
washing steps in both methods involve only distilled water,
reducing chemical waste and hazardous effluent production. In
terms of the energy consumption, both methods employed
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Silkworm cocoon collection, removed impurities, packed, and kept at
ambient temperature.

!

Extraction of silkworm cocoons to obtain pure fibroin:

Electricity consumption: 2.2045 kWh

Solvent and chemicals: 20 g ethanol 99.5%, 245 g water, 1 g Na,CO;, 30
g CaCl,, 5 g Ca(NO,), )

B I

Co-condensation method Adsorption method

~

Electricity consumption: 1.83667 kWh
Solvent: 47.34 g cthanol 99.5%

Electricity consumption: 0.11667 kWh
Solvent: 50 g water

Figure 9. Schematic flowchart of the PEG/SFPs-CTX formulation
process using two distinct approaches of co-condensation and
adsorption.

simple techniques of stirring, centrifugation, and drying, which
minimize the power usages.

The LCA results illustrate the potential effects of the co-
condensation method (1) and adsorption method (2) on the
environment (Table 6). These effects fall under several impact
groups, including eutrophication (EU), ozone depletion (OD),
human toxicity (HT), ecotoxicity (EC), climate change (CC),

and acidification (AC). Specially, CC, AC, EC, and HT are
some of the primary effect categories that are frequently taken
into account while evaluating LCA because these outputs have
the ability to seriously affect the environment, destroy the
natural ecological balance, and create risks that might endanger
both animal and human life.>”

In general, both formulation processes of co-condensation
and adsorption do not have much impact on the environment.
First, regarding AC, taking ocean acidification as an example,
atmospheric CO, when dissolved in water will create H,CO;,
which after dissociation will release H* ions. This will cause the
pH to decrease (from about 8.2 to lower), seriously
threatening marine life, especially species that depend on
calcium carbonate.”® Similar to the soil environment, the acid
deposition process from rain containing H,SO, or HNO; will
also produce ions through chemical reactions, causing the soil
to lose its nutritional balance and releasing heavy metals such
as AI*, which lead to negative consequences such as soil
degradation, causing harm to crops.”* For these reasons, it is
necessary to consider the possible AC level of experimental
processes to control CO,, SO, and NO, emissions to
minimize AC. Both PEG/SFPs-CTX processes showed AC
of 3.27.107 and 6.38.107> mol H* equiv, respectively, which
are equivalent to 1.02.107* and 1.99.107* kg SO, equiv. These
values are significantly lower than the allowable AC values

Table 6. Greenness Assessment Parameters (Input, Output) of the Two Employed Nanoparticles Formulation Processes of

(Method 1) Co-condensation and (Method 2) Adsorption

co-condensation method (1)

adsorption method (2)

solvents and 67.34 g ethanol 99.5%, 245 g water, S g Ca(NO;),, 1 g Na,CO;, and 30 g 20 g ethanol 99.5%, 295 g water, S g Ca(NOs),, 1 g Na,CO3, and
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chemicals CaCl, 30 g CaCl,
electricity 0.7 kWh (electric stove), 0.037 kWh (microwave), 1.44 kWh (magnetic 0.7 kWh (electric stove), 0.037 kWh (microwave), 1.52 kWh
consumption stirrer), 0.06417 kWh (centrifuge), and 1.8 kWh (refrigerator) (magnetic stirrer), and 0.06417 kWh (centrifuge)
output

impact category name reference unit method (1) method (2)
acidification mol H* equiv 6.38 x 1073 327 x 1073
climate change kg CO, equiv 8.39 x 107" 427 x 107!
climate change—biogenic kg CO, equiv 1.19 x 1073 7.39 x 107
climate change—fossil kg CO, equiv 8.37 x 107! 426 x 107"
climate change—land use and LU change kg CO, equiv 6.81 X 107* 330 x 107*
ecotoxicity, freshwater CTUe 1.20 X 10! 5.68
ecotoxicity, freshwater—inorganics CTUe 1.02 x 10" 4.98
ecotoxicity, freshwater—organics CTUe 1.79 6.97 x 107!
eutrophication, freshwater kg P equiv 1.36 x 107* 7.02 X 107°
eutrophication, marine kg N equiv 3.95 x 1073 129 X 107°
eutrophication, terrestrial mol N equiv 1.16 X 1072 511 % 1073
human toxicity, cancer CTUh 6.78 x 1071 3.56 x 1071
human toxicity, cancer—inorganics CTUh 447 x 1079 2.36 x 1071
human toxicity, cancer—organics CTUh 231 x 107" 121 x 107"
human toxicity, noncancer CTUh 3.66 x 1078 1.73 x 107%
human toxicity, noncancer—inorganics CTUh 3.54 x 1078 1.67 x 107°
human toxicity, noncancer—organics CTUh 1.18 X 107 598 x 1071
ionizing radiation kBq U23S equiv 1.13 x 1072 542 x 1073
land use Pt 1.73 x 10' 5.55
ozone depletion kg CFCI1 equiv 2.12 x 1078 1.03 x 107*
particulate matter disease inc. 3.54 x 1078 1.73 x 107°
photochemical ozone formation kg NMVOC equiv 2.51 x 1073 122 X 1073
resource use and fossils MJ 1.05 x 10" 5.37
resource use, minerals, and metals kg Sb equiv 1.86 x 107° 1.06 x 107°
water use m®-world equiv 1.14 1.40 x 107"
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(ranging from 1.0 to 20.0 kg SO, equiv"’). Therefore, it can be
concluded that the two processes are not potential threats that
can cause AC.

CC is also a major concern, which quantifies and converts
the impacts of greenhouse gases (CH, and N,O) to a value
deemed comparable to CO, based on the potential for global
warming. Extreme weather, storms, floods, droughts, threats to
biodiversity, air pollution, and a host of societal issues
(resource disputes) are just a few of the major effects that
CC may have on Earth. For the reasons listed above, lowering
the quantity of CO, e%uiv emissions is a problem that requires
attention to fight CC.*> For the co-condensation process, the
CC-inducing potential ranges from 6.81.107* to 0.839 kg CO,
equiv, and for the adsorption method, this number ranges from
3.30.10* to 0.427 kg CO, equiv. These values are insignificant
and are much lower than the values of the LCA evaluation
study of cellulose nanofibrils production published by
Arvidsson et al.®°

EC is the term used to describe a chemical’s detrimental
effects on ecosystems, including the living environment and the
species that inhabit it. The permitted level of nanomaterial EC
value falls between 3.0 and 8.0 CTUe/kg.*” It is evident from
our study’s results that the EC values of both methods are
within a safe range. HT is another indicator that measures the
extent to which harmful substances have a detrimental impact
on human health. This measure displays the number of
possible illnesses (cases) per unit of emission (i.e., kilograms of
pollutant). For example, several studies have shown that some
chemical substances, such as dioxin or benzene, might induce
cancer or other serious illnesses,®”*® contributing to elevated
CTUh. In both PEG/SFPs-CTX formulation processes, the
HT values range from 1.21.107*° to 3.66.107%, which can be
seen to be very low. As a result, it can be concluded that all of
the processes of this study are safe for humans. OD is used to
refer to the weakening and thinning of the ozone layer in the
stratosphere, mainly caused by chemicals emitted by humans,
such as chlorofluorocarbon (CFC). The ozone layer plays an
important role because it acts as a shield to protect the earth,
protecting the ecosystems from the harmful UV radiations.*”
The reference unit kg CFC11 equiv is often used in LCA to
demonstrate the potential OD potential of a research object
compared to CFC-11. According to the literature, the baseline
level of OD potential of CEC-11 is 1.0.”° Comparing with our
results, the OD impact of the co-condensation method is
2.12.10"% kg CFC11 equiv, and that of the adsorption method
is 1.03.107° kg CFCI11 equiv. These values are much smaller
than the baseline level of 1.0 of CFC-11, so both processes are
not potential OD contributors. All other impacts also exhibit
low values and do not adversely affect the environment.

Overall, both PEG/SFPs-CTX formulation processes are
environmentally friendly and did not cause significant effects
on the environment. The adsorption method is “greener” than
the co-condensation method, with lower impact values, due to
the limitation use of ethanol in the formulation process.

4. CONCLUSIONS

This study effectively formulated SFPs and PEG/SFPs for the
oral delivery of antibiotic CTX using the eco-friendly and
green processes of co-condensation and adsorption. The
particles possessed spherical shape, nanosize with narrow size
distribution, negative charge, and adequate drug entrapment
efficiency of ~50%. Interestingly, depending on the for-
mulation process, the CTX could be loaded in the particles in

either crystalline or amorphous form, which consequently
affected its release rate in the gastrointestinal tract. These
alterations are favorable for oral delivery of CTX. In-depth
docking and MD simulation revealed that the PEG/SFPs-CTX
exhibited high stability and strong interactions through
hydrogen bonds, van der Waals forces, and 77— interactions,
and CTX was protected and controlled released in
physiological environments. Moreover, LCA analysis showed
that both formulation methods were environmentally friendly,
with limited impacts on the ecosystem, and the adsorption
method was “greener” than the co-condensation method.
These data could provide insights for future research on the
formulations of SFPs as drug delivery systems.
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