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Abstract

Background: Botox’s therapeutic applications are limited by its instability and uncontrolled
diffusion into extramuscular tissues. This study aims to develop a polyethylene glycol-based
formulation by conjugating Botox to a second-generation anionic linear-globular dendrimer (G2-
ALGDs) and evaluate its colloidal stability and muscle localization using technetium-99m
radioimaging.

Methods: G2-ALGDs were synthesized via N,N’-dicyclohexylcarbodiimide catalysis and
conjugated with Botox (D-BTX) using EDC/DCC coupling. Characterization was done by DLS, FTIR,
AFM, TEM, and FE-SEM. Stability at 4 °C was monitored for six months using DLS and TEM.
Cytocompatibility was assessed by MTT assay in HFF2 cells. D-BTX was radiolabeled with
technetium-99m to study purity, stability, and in vivo biodistribution using RT-LC and SPECT
imaging.

Results: Botox conjugation increased the particle size from 111.6 + 16.9 nm to 160.0 + 3.1 nm
and shifted the zeta potential from —25.2 £ 1.63 mV to +17.16 + 1.24 mV. FTIR confirmed amide
bond formation at 1649 cm™'. D-BTX was much less cytotoxic than free Botox at 0.001 ng/mL (p
= 0.0013), but no difference was observed at higher concentrations. The formulation exhibited
physical stability for six months at 4°C. The radiolabeled formulation was up to 90.85% pure and
remained stable for 24 h. SPECT imaging revealed improved localization of D-BTX within the
muscle. After 12 h, D-BTX exhibited maximum signal intensity with minimal dispersion, indicative

of controlled diffusion at the injection site.



Conclusion: This PEGylated dendrimer-Botox nanoconjugate provides a stable, muscle-targeting,
and imageable platform, which surmounts some of the main drawbacks in current clinical
applications.

Keywords: Botox; Stability; Technetium 99m; ALGD; Single photon emission computed

tomography
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Introduction

Botulinum neurotoxin (BTX), the highly potent exotoxin of Clostridium botulinum, inhibits
acetylcholine release at neuromuscular junctions.”® BTX has been an outstanding therapeutic
drug in certain neuromuscular disease conditions, e.g., spasticity and dystonia, as well as
dermatological/cosmetic applications for treatment of wrinkles and hyperhidrosis.*® This toxin
is available in a variety of serotypes (A-G) that differ in their substrate specificity and
pharmacological behavior.”?® BTX-A, the most clinically applicable serotype, cleaves
Synaptosomal-associated protein 25 (SNAP-25) to trigger its neuromodulatory effect. This
serotype is clinically approved in a variety of different preparations, e.g., BOTOX" .11 12
Structurally, BTX is a 150 kDa protein that complexes with non-toxic accessory proteins to
form larger toxin complexes. The BTX-A complex, for example, can be present in 900 kDa, 500
kDa, and 360 kDa forms.'* 14 These neurotoxin complexes contain non-toxic hemagglutinin (HA)
and non-toxic non-hemagglutinin (NTNH) proteins, which are believed to enhance toxin stability,
withstand enzymatic degradation, and control rates of diffusion upon intramuscular injection.*
10,15 | arger toxin complexes may also influence the pharmacokinetics of BTX by changing its rate
of diffusion from the injection site, thereby influencing both therapeutic efficacy and safety.% 16
Various commercial Botox products are used globally (Table 1), all of which contain varying
primary attributes such as the manufacturing process, excipient matrix, molecular weight range,
storage conditions, and post-reconstitution stability.1’-?2 All these differences play a vital role in
affecting their clinical effect, immunogenicity, and product stability to a large extent. Despite
widespread use for therapeutic and cosmetic treatment, concerns regarding cold chain

dependency and limited shelf-life remain prominent.l® 17-2° One of the major challenges in



formulating BTX is its degradation at several stages of the process, from bacterial culture and
fermentation to purification and drug formulation.? 3° Interestingly, the conversion of milligram
guantities in bacterial culture to nanogram per milliliter doses in injectable form makes this toxin
highly unstable.?! As a result, Botox is usually prepared as a freeze-dried lyophilized powder that
requires reconstitution with saline for injection.3® 32 However, this agent is quite unstable after
reconstitution and rapidly loses its biological activity.?® This liability is exacerbated by conditions
such as temperature fluctuations, surface denaturation, and exposure to high pH levels that can
lead to degradation or production of inactive toxoid proteins.?®28 Thus, the development of new
formulations to stabilize and enhance the specificity of action of Botox holds a value of utmost
importance to obviate such limitations and optimize its clinical potency.

There are other restrictions on the use of Botox in clinical settings. The beneficial effects of
this agent, e.g., to soften wrinkles or relieve spasms of muscle, usually persist for three months,
and injections have to be repeated to continue to achieve these effects over time.3* 3% This is a
significant burden for patients who receive repeated injections and contributes to the risk of side
effects such as pain, hematoma, bruising, and, infrequently, accidental paralysis of muscles or
eyelid ptosis secondary to toxin release.3> 3¢ While many cooling techniques and other
treatments have been investigated to minimize discomfort, the invasiveness of Botox injections
remains a disadvantage.?’” Moreover, frequent injections induce an immune response by
triggering antibodies and decreasing therapeutic effects over time.3®*% Efforts should be
undertaken to develop long-acting and stable drugs to lower the rate of painful injections.**

Nanotechnology-delivery systems have shown considerable promise in improving the

pharmacological profile of peptide drugs such as Botox.*>*® The nanoformulations yield higher



protection of the bioactive drug, sustained release profiles, reduced dosing frequencies, and
targeted delivery with low systemic exposure.l% 27 4965 Among numerous nanocarriers,
dendrimers, namely anionic linear-globular dendrimers (ALGDs) synthesized from biocompatible
monomers like citric acid and polyethylene glycol (PEG), are exceptional in that they have a
monodisperse architecture, tunable surface chemistry, and stable conjugation capacity of
proteins and peptides via ester or amide bonds.*® 6671

The biological activity of nano-Botox can be assessed using several well-known methods that
assess its enzymatic activity or functional effects in vivo. At the molecular level, the SNAP-25
endopeptidase assay based on fluorescence resonance energy transfer (FRET) has been applied
to quantify the specific cleavage activity of the toxin on its intracellular substrate.® 4° For
functional validation, the in vivo lethal dose (LDsp) and paralysis assays in mouse models remain
the classic criteria for determining the functional potency and durability.% 4% 52 |n addition, the
Aoki scale scoring system has been developed to provide a semiquantitative assessment of
muscle paralysis after nano-Botox administration in animal models.!® Furthermore, the
therapeutic significance of Botox formulations can be confirmed in clinical settings, where tests
such as Maximal Brow Elevation and wrinkle severity scoring can be used to assess the toxin
retention and durability.1% 72

To enable in vivo tracking of nanoformulated Botox, its radiolabeling with technetium-99m
(°°*™Tc) offers a non-invasive and extremely sensitive approach. Compared to iodine-based
radiolabels, ®*™Tc possesses favorable imaging qualities with minimal effect on biological
function, and it is therefore the agent of choice for preclinical biodistribution studies and clinical

diagnostic imaging.”> 7* Therefore, this study aimed to nanosize Botox with dendritic



nanoparticles to improve its colloidal stability and evaluate its potential for targeted muscle
delivery and radiolabel imaging. By incorporating Botox into a dendrimeric matrix, we are
attempting to develop a less toxic, more stable, muscle-targeted, and longer-lasting therapeutic
preparation that enhances the safety, convenience, and overall efficacy of botulinum toxin-based

therapy.

Materials and Methods

Materials

The following materials were utilized in this study: Dicarboxylated polyethylene glycol 600 Da
(PEG-600; Merck, Germany), Botox (MASPORT’500; MasoonDarou, Iran), N, N'-
dicyclohexylcarbodiimide (DCC; Sigma-Aldrich, USA), dimethylformamide (DMF; Chemex, China),
citric acid (Kimia Tehran Acid Company, Iran), °®Mo/°°™Tc generator (Pars Isotope, Iran), 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC; Sigma-Aldrich, USA), high-glucose
Dulbecco’s Modified Eagle Medium (DMEM; Merck, Germany), fetal bovine serum (FBS; Merck,
Germany), and dimethyl sulfoxide (DMSO; Sigma-Aldrich, USA). Sephadex G-series gel filtration
media was obtained from Sigma-Aldrich. Human foreskin fibroblast 2 (HFF2) cell lines were used
for in vitro cytotoxicity assays. Male BALB/c mice (age: 6 months; body weight: approximately 35

g) were employed for in vivo biodistribution studies.

Synthesis and purification of ALGD dendrimers
G2-ALGD dendrimers were synthesized via the divergent approach and purified later by gel

filtration chromatography. Briefly, 2 mL of PEG-600 was initially mixed with 5 mL of DMF in a dry
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Erlenmeyer flask. To the solution, 0.2 g of calcium chloride was added to initiate dehydration of
the medium, and then the solution was stirred at room temperature for 15 min. Subsequently,
0.15 g of DCC and 0.15 g of citric acid were added to the reaction mixture and stirred for 1 h. An
additional 0.15 g of DCC and 0.15 g of citric acid were added, and the reaction was allowed to
proceed under constant stirring for 8 days at room temperature for dendrimer polymerization.
Upon completion of the reaction, 5 mL of distilled water was introduced to the reaction content,
and the aqueous solution was filtered to remove insoluble impurities. Filtrate was then cleaned
up using a Sephadex column to clean the dendrimer product. The cleaned-up solution was
subsequently concentrated in a rotary evaporator to remove excess water. The synthesized
dendrimer was finally lyophilized and stored at -20 °C for three days before the conjugation and

characterization steps.

Characterization of the synthesized nanodendrimers

Dynamic light scattering (DLS)

Hydrodynamic diameter, polydispersity index (PDI), and zeta potential of the prepared
dendrimers were obtained by employing a Zetasizer SZ100 (Horiba, Japan). Dendrimer
suspensions were appropriately diluted with deionized water, and their absorbance was
obtained at 630 nm. The measurements were performed at 25 °C, and the data were obtained

by averaging three independent experiments.

Fourier transform infrared spectroscopy (FTIR)

11



For analysis of the chemical structure and functional group content of dendrimers, FTIR analysis
was performed on an Avatar FTIR spectrophotometer (Thermo Scientific, USA). A small quantity
of lyophilized samples was ground to a fine powder and mixed with potassium bromide (KBr) in
a 5:95 (w/w) proportion. The solution was hydraulically compressed into a clear pellet and mid-
infrared scanned for characteristic amide and ester bond absorption peaks to determine

dendrimer formation and potential sites of conjugation.

Atomic force microscopy (AFM)

G2-ALGD dendrimers' surface morphology and nanoscale surface topography were imaged by
atomic force microscopy (JPK NanoWizard Il, Bruker, Germany). Dendrimers were dissolved in an
aqueous solution of double-distilled water at a concentration of 100 uM. An aliquot drop was
deposited on a freshly cleaned glass slide and allowed to dry in a vacuum using a desiccator.
Finally, 2D and 3D images were recorded in non-contact mode, and data were analyzed with JPK
Data Processing Software version 7.0 to evaluate particle shape, distribution, and surface

properties.

Transmission electron microscopy (TEM)

Dendrimers were suspended in deionized water to a concentration level of 1 mg/mL. For
uniformity of samples, the suspension was sonicated for 5 min. Substrates were copper TEM grids
coated with a carbon support film. To ensure better adhesion of the samples, the grids were
rendered hydrophilic using glow discharge treatment prior to the deposition of the sample. An

aliquot of the suspension equivalent to 5 puL was dropped slowly onto the surface of the treated

12



grid and left for 1-2 min. Trapped liquid was removed by running a piece of filter paper very
lightly against the edge of the grid. The grids were left for a minimum period of 30 min to dry in
the room at ambient temperatures. Where necessary, to provide contrast, negative staining was
obtained with a 2% (w/v) solution of aqueous phosphotungstic acid (PTA). TEM images were
captured on a Philips CM120 transmission electron microscope (Philips, Netherlands) operated
at an accelerating voltage of 100 kV. Regions of interest were selected and captured at
appropriate magnifications. Image analysis of particle morphology was done using Imagel

software (National Institutes of Health, USA).

Field emission scanning electron microscopy (FE-SEM)

For the study of surface topography, FE-SEM analysis was conducted on TESCAN instruments
(models: VEGA3, MIRA 1l, and MIRA 1lI; Czech Republic). Sample preparation was carried out by
the drop-casting method, a widely used technique for immobilizing suspensions of nanoparticles
on conductive surfaces. Suspension of dendrimers was prepared in deionized water at a
concentration of 1 mg/mL. To avoid nanoparticle agglomeration, the suspension was sonicated
for 10 min. A 10-50 pL aliquot was then gently deposited on a conductive carbon adhesive strip
mounted on an aluminum stub using a micropipette. The samples were left to air dry at room
temperature for 2 to 4 h to allow complete evaporation of the solvent, leaving behind only the
nanoparticles that had become adhered to the surface without modifying their original structure.
Once dried completely, the sample surface was sputter-coated with a thin gold conductive film

(~5—10 nm) using a sputter coater.
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G2-ALGD dendrimer conjugation with Botox

For the formation of the dendrimer-Botox (D-BTX) complex, DMF (10 mL), MASPORT®500 (2 mL),
and the G2-ALGD dendrimers (2 mL) were taken in solution and gently stirred for 15 min. Then,
EDC (0.2 mg) and DCC (2 mL) were added to the reaction mixture to form an amide bond between
the carboxyl groups of the dendrimers and the amine groups of BTX-A. The solution was kept at
room temperature under stirring for 7 days to ensure complete conjugation. At the end of this
process, the resulting G2-BTX nanocomposites were characterized by physicochemical

characterization methods such as DLS, FTIR, AFM, TEM, and FE-SEM, as discussed in Section 2.3.

In vitro studies

Stability assessment

Colloidal stability of the D-BTX formulation was evaluated at 3 and 6 months. The formulations
were stored at 4 °C and protected from light in sealed vials. Hydrodynamic diameter and zeta
potential were confirmed by DLS, and morphological stability was confirmed by TEM imaging.
Triplicate samples were assessed at each time point and then compared with their baseline
values to determine whether aggregation, degradation, or disruption of the integrity of the

nanoparticles occurred during the storage process.

Cytotoxicity evaluation
Cytotoxic impacts of free Botox, G2-ALGD dendrimers, and D-BTX were evaluated against HFF2
using the MTT assay, which measures the mitochondrial metabolic activity as an indicator of cell

viability. HFF2 cells were cultured at a density of 2 x 10* cells/well in a 96-well plate containing
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200 pl of DMEM medium supplemented with 10% FBS. After 24 h of incubation in normal culture
conditions (37 °C, 5% CQO,), different concentrations (0.001, 0.01, and 0.1 ng/mL) of free Botox,
G2-ALGD dendrimers, and D-BTX were added to the cells and incubated again for another 24 h.
On the second day, the wells were given 20 pL of the MTT solution (5 mg/mL in PBS). The plates
were incubated for 4 h in the dark at 37 °C, after which the culture medium was pipetted out of
each well and 100 pL of DMSO was added to the wells to dissolve the formazan crystals. The
plates were shaken at 100 rpm for 10 min at 37 °C. Absorbance at 570 nm was read using a
microplate reader (Agilent BioTek, USA). Cell viability was estimated by using the following
equation:

Viability (%) = Absorbance of treated cells < 100
lability (%) = Absorbance of control cells

Intracorporeal tracking guided by the radiotracer Tc°™

Preparation of the Tin(ll) chloride reducing agent

To reduce pertechnetate ions (°*™TcO,”), a freshly prepared solution of stannous chloride
(SnCl-2H,0) was used. For this, 1 mg of SnCl,-:2H,0 powder was accurately weighed and
dissolved in 1 mL of 0.1 M hydrochloric acid (HCI). The preparation was carried out under air-free

conditions to prevent oxidation and was used immediately after preparation.

99mTc-Radiolabeling procedure of the dendrimer—botox complex
Optimal radiolabeling conditions—including SnCl, concentration, ligand-to-metal ratio, pH,
temperature, and incubation time—were initially optimized. The optimal protocol was as follows:

3 mCi of the dose-calibrated °°™Tc-pertechnetate solution was pipetted into a reaction vial. Next,

15



25 uL of the newly made SnCl, reducing agent was added to the vial, and the vial was incubated
at room temperature for 15 min to allow technetium reduction. To complete labeling, 50 uL of
the D—BTX conjugate was added to the reaction vial, and the mixture was allowed to sit at room
temperature for half an hour. Mechanism-wise, SnCl, reduces pertechnetate (°°*™TcO,”) to a
lower oxidation state, allowing coordination with the abundant surface oxygen donor groups (—
OH and —COOH) present in the G2-ALGD dendrimers. These oxygen atoms donate non-bonding
electron pairs to technetium, which leads to the formation of a stable dendrimer-technetium
complex. This process is mechanistically similar to the chelation observed with

polyaminocarboxylate ligands such as DTPA.

Radiochemical purity assessment

Radiochemical purity of the °*™Tc-labeled D-BTX complex was evaluated by radio-thin layer
chromatography (RT-LC). The RT-LC analysis was performed with the help of the RTLC2118
system (Shinjin Medics, South Korea). Approximately 5 uL of the radiolabeled complex was
spotted on the baseline of a silica gel-coated strip of chromatography. The strip was set up in a
chromatographic chamber with acetone used as the mobile phase. When the solvent front had
traveled a distance of approximately 10 cm, the strip was removed and air-dried. The RTLC2118
gamma detector then scanned the dried strip. In this system, free °*™TcO,~ migrated with the
solvent front and displayed a retention factor (Rf) close to 1. In contrast, the radiolabeled D—BTX
complex and colloidal **™TcO, remained at the origin, showing an Rf close to 0. The device
guantified the activity of free pertechnetate and colloidal technetium. We first performed

independent quality control on freshly washed technetium (°*™Tc) from the generator using

16



radiochemical purity testing methods. The results consistently showed that the colloidal impurity
content (°*™TcO,) was less than 2%. Therefore, in our labeling experiments, when both D-BTX-
2mTc and ?°™TcO, were present in the same Rf region, we attributed up to 2% of the total activity
to 2°™TcO,, with the remainder being due to the labeled dendrimer-Botox complex. The
radiochemical purity was calculated using the following formula:”> 7

Radiochemical Purity (%)=100-(%°°"TcO4 +%°°™TcO,)

Radiochemical stability testing

To determine the relative radiochemical stability of D-BTX nanoconjugates and dendrimates, all
the samples were tagged with approximately 0.5 mCi of °*™Tc and dispersed in PBS (pH ~7.0) to
simulate physiological conditions. Samples were stored at 37 °C in a jacketed water bath
incubator. Aliquots were tested at predetermined time intervals: 0, 1, 2, 4, 6, 8, 12, and 24 h.
Radiochemical stability was measured using the RT-LC method. After drying, radioactivity along
each strip was measured quantitatively using a gamma counter. The percentage of free
pertechnetate compared to the overall radioactivity was calculated. Every measurement was
taken in triplicate, and values were reported in the form of mean + SD. It was defined as
radiochemically stable when at any observed point of time, the free pertechnetate percentage

never exceeded the value of 10%.

Imaging Study of the **™Tc-labeled formulations
Ethics approval was received from the ethics committee of Iran University of Medical Sciences

(No. IR.IUMS.REC.1402.1090). Six-month-old male BALB/c mice (weight: ~35 g) were randomly
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assigned to one of the following groups (n = 3 per group): (i) D-BTX-2°"Tc group: Treated with
radiolabeled dendrimer-Botox conjugates; (ii) Free °°™Tc control group: Treated with unbound
99mTc-pertechnetate; (iii) D-°*™Tc group: Treated with dendrimer conjugated with °°™Tc; and (IV)
Botox-?°"Tc group: Treated with radiolabeled botulinum toxin without dendrimer. The animal of
every group received an intramuscular injection of 0.5 mCi of the respective radiolabeled
formulation into the hind limb muscle following light anesthesia caused by ketamine—xylazine
(KX). Mice were imaged under anesthesia by intraperitoneal (IP) injection of ketamine (80 mg/kg)
and xylazine (10 mg/kg). Whole-body SPECT imaging was performed using the HiReSPECT imaging
system immediately after injection and again at one hour post-injection. The intrinsic gamma
counters of the whole-body SPECT system allowed real-time measurement of gamma radiation
from °*™Tc. The non-invasive imaging method provided information on the in vivo kinetic
properties and stability of the radiopharmaceutical.

Quantitative analysis of the SPECT images was done with ImagelJ software (National Institutes
of Health, USA). Regions of interest (ROls) were traced manually over the injection site to
measure the area of technetium-99m signal dispersion in muscle tissue. Area (pixel?), Mean
intensity, Minimum (Min), and Maximum (Max) intensity values were recorded for each sample
at varying time points for comparing retention and diffusion behavior of all formulations within

the muscles.

Statistical analysis
All measurements were reported as mean * standard deviation (SD). Normality of data

distribution was tested using the Shapiro—Wilk test. Comparisons of the groups were made using

18



one-way analysis of variance (ANOVA) and Tukey's post hoc multiple comparison test. Statistical
analysis was conducted on SPSS software (version 24.0; IBM Corp., Armonk, NY, USA). GraphPad
Prism (GraphPad Software Inc., USA) was employed for plotting graphs. A p-value of < 0.05 was

considered to indicate statistical significance.

Results

DLS characterization

Zeta potential and hydrodynamic diameter of the unloaded G2 dendrimers and D-BTX were
determined by DLS. Results are shown in Table 2. The particle size of G2 dendrimers was 111.6 +
16.9 nm, while that of the D-BTX conjugates was 160.0 = 3.1 nm, which confirms successful Botox
conjugation. The PDI of the samples was low, with narrow and unimodal peaks in the DLS profiles
(Figure 1A and C), which suggested homogeneous populations of nanoparticles. The surface
charge was measured by zeta potential analysis and established the —25.2 + 1.63 mV surface
charge of the unloaded G2 dendrimers, as would be expected for the terminal carboxyl groups.
The zeta potential of resulting D-BTX conjugates reversed to +17.16 + 1.24 mV after conjugation
(Figure 1B and D). This drastic change in surface charge again reflects the formation of a stable

conjugate through electrostatic and covalent bonds.
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Figure 1. DLS analysis of free dendrimers and D-BTX nanoconjugates. (A) Particle size distribution
of G2 dendrimers; (B) Zeta potential of G2 dendrimers; (C) Particle size distribution of D-BTX

conjugates; (D) Zeta potential of D-BTX conjugates.

FTIR spectroscopic analysis

Table 3 tabulates the major absorption bands for all preparations, and Figure 2 shows the FTIR
spectra for G2 dendrimer and D-BTX conjugates, respectively. In the process of G2 dendrimer,
there were some varying peaks at 1232.9 cm™ (the C-O stretching of the ester bonds) and 1726
cm (the C=0 ester bonds of citric acid), indicating successful dendrimer synthesis. Upon
complexation with Botox, a very intense peak at 1649 cm™ was observed corresponding to amide
| vibrations (C=0 stretching). Most likely, an amide bond of such type was formed between the
amine groups of BTX-A and the carboxyl groups of the dendrimer. The presence of such a peak

indicated that the chemical conjugation reaction had succeeded.
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Figure 2. FTIR spectra of G2 dendrimer (D) and G2 dendrimer-BTX conjugate (D-BTX). The

characteristic bands corresponding to ester and amide groups are indicated.

AFM analysis
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This experiment was utilized to examine the nanostructure and surface morphology of the
unloaded D-BTX and G2 dendrimers. Figure 3 illustrates the 2D and 3D topographs. The G2
dendrimers displayed a fairly uniform, needle-like morphology of nanoscale size, while the D-BTX
conjugates had broad, hill-like surface features typical of drug loading. The morphological shift
from the thin, sharp features in the unloaded dendrimers to rounder, taller features in the

conjugated nanoparticles supported the attachment of the Botox onto the surface of the

dendrimer.

18.83 nm

44.17 nm

I
um 10 pm
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Figure 3. AFM topography of G2 dendrimer (A: 2D and B: 3D) and G2 dendrimer-BTX conjugate
(D-BTX, C: 2D and D: 3D).

22



TEM analysis

TEM was used to examine the size and morphology of the G2 dendrimers and the D-BTX. High-
resolution images are presented in Figure 4A and B. TEM images revealed that the unloaded G2
dendrimers were a small, well-defined, dense nanoparticle-like structure with an average
diameter ranging from 7 to 10 nm. After conjugation with Botox, the D-BTX particles seemed
larger and denser by electron microscopy, with most diameters being between 12 and 20 nm.

Such morphological variation proved effective in the loading of the drug.
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Figure 4. TEM micrographs of (A) unloaded G2 dendrimer and (B) G2 dendrimer-BTX conjugate
(D-BTX) (Scale bar = 50 nm). Particle size distribution derived from TEM images for (C) unloaded
G2 dendrimer and (D) D-BTX. TEM images of the D-BTX at (E) 3 months and (F) 6 months after
synthesis. The images show well-dispersed, spherical nanoparticles with no visible aggregation
or morphological changes, confirming the structural stability of the nanoconjugates over time.

FE-SEM micrographs of (G) G2 dendrimer and (H) D-BTX.

In addition, particle size distribution analysis (Figure 4C and D) confirmed the increase in size
observed following conjugation. The histogram showed that the most abundant G2 dendrimers
were of the size 7-10 nm, whereas most D-BTX particles showed a size range of 12—20 nm. These
findings also confirmed successful conjugation and structural modification of the dendrimeric

carrier following contact with Botox.

FE-SEM analysis

Representative micrographs are shown in Figure 4G and H. The FE-SEM images revealed
morphological differences between the unloaded G2 dendrimers and D-BTX conjugates. While
the dendrimers were needle- or rod-shaped, more spherical and compact shapes were observed
in the D-BTX compounds. In particular, the gel-like nature of the nano-dendrimers caused
difficulties in sample preparation, which could lead to inhomogeneity of the surface structure.
However, the uniformity of particle growth and the transformation from needle-like to spherical

shapes were good evidence of the successful development of the nano-drug.
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Colloidal stability of D-BTX nanoconjugates

Physicochemical stability of D-BTX was measured at the time of synthesis (month 0), and at three
and six months post-synthesis. By DLS, no variation in particle size was detected over time. The
mean hydrodynamic diameter was 160 £ 3.1 nm, 153 £ 2.5 nm, and 162 + 2.8 nm at baseline, 3
months, and 6 months, respectively; therefore, there was a colloidal stability during storage
(Table 2). TEM imaging at the 3™ and 6™ months confirmed the preservation of spherical
morphology and structural stability of the D-BTX nanoparticles without any detectable
aggregation and deformation (Figure 4E and F). All these findings collectively establish that the
D-BTX nanoconjugates preserve their size distribution, morphology, and overall structural
stability for six months or more during storage, indicating their suitability for long-term

biomedicine applications.

MTT cytotoxicity

The cytotoxicity of dendrimers, Botox, and D-BTX preparations against HFF2 cell lines was
ascertained using the MTT assay. Statistical comparisons of differences among means of groups
were made using Tukey's multiple comparisons test. The results are shown in Figure 5A. No
significant difference in cell viability between PBS and dendrimers (p > 0.9999) was observed,
indicating that dendrimers did not significantly affect cell viability compared to the control group.
A comparison of BTX and D-BTX formulations at equivalent concentrations of 0.001, 0.01, and 0.1
ng/mL yielded the following results: An interesting decrease in cell viability was observed in the
BTX 0.001 group compared to the D-BTX 0.001 group with a mean difference of -42.31 (95.00%

Cl of diff: -69.76 to -14.86; p = 0.0013), indicating the addition of dendrimers to BTX at this dose
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reduced the cytotoxicity of BTX. However, there was no significant difference between BTX 0.01
and D-BTX 0.01 (p = 0.0598). Although there was decreased cell toxicity in the D-BTX 0.01 group,
the result was not statistically significant, meaning that the addition of dendrimers to BTX at this
level did not have a considerable effect on the cytotoxicity of BTX. Moreover, BTX 0.1 did not
significantly differ from D-BTX 0.1 (p = 0.6437). The percentage of cell viability in both groups was
equal, indicating that at this higher concentration, the effect of dendrimers on BTX cytotoxicity

did not alter significantly.
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Figure 5. (A) Cytotoxic impacts of different concentrations (0.001, 0.01, and 0.1 ng/mL) of free

dendrimers (D), free MASPORT 500 (BTX), and BTX-dendrimer conjugate (D-BTX) on the Human
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foreskin fibroblast 2 (HFF2) cell lines were measured using the MTT assay. The data are reported
as a percentage of the control (PBS-treated cells) considered as 100% viability, and all data are
reported as means * standard deviations of triplicate (**p < 0.01; ns, non-significance). (B)

stability of ®*™Tc-labeled D-BTX nanoconjugates over time.

Radiochemical purity

The chromatogram (Figure S1 and S2) showed a very intense peak at Rf ~0.13 corresponding to
the radiopharmaceutical complex (RPH1). A radiochemical impurity (IMP1) was present as a very
minor peak at Rf ~0.04. The quantitative estimation gave radiochemical purity as 90.85%, and
the impurity accounted for 9.15% of the total radioactivity. According to regulatory guidelines,
i.e., those established by pharmacopoeias and the current Good Manufacturing Practices (cGMP)
regulations, preclinical animal study samples of radiolabeled drugs need to exhibit radiochemical
purity of 290%, while samples used in clinical (human) applications should be of >95% purity.””

8 Hence, the purity acquired was easily in line with the needs of this preclinical study.

Radiochemical stability

The RT-LC analysis demonstrated (Figure 5B) that both °°™Tc-dendrimers and °°™Tc-D-BTX
nanoconjugates were in good radiochemical stability after 24-h incubation in PBS at 37 °C. Free
99mTc pertechnetate content was below 10% for both products at all investigated time points.
Even 24 h after radiolabeling, over 85% of the 9°™Tc-radiolabeled D-BTX was intact, indicating
that conjugation of Botox did not adversely affect radiochemical or physicochemical stability of

the nanoparticle system (p<0.05). The findings attested to the qualification of both 99™Tc-
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dendrimers and °°™Tc-D-BTX nanoconjugates for biomedical applications, such as diagnostic

imaging and targeted drug delivery, where radiochemical stability is a concern.

Imaging study of **"Tc-formulations

To assess the in vivo kinetic stability of the produced nanoconjugates, SPECT imaging was
performed at a series of time points (0 and 12 h post-injection) following intramuscular
administration in healthy mice. Data on the in vivo distribution of all formulations are presented
in Table 4 and Figure 6A. Among all tested formulations, D-BTX—°"Tc had the highest muscle
uptake (74.25 + 12.67%), much higher than BTX—°"Tc (36.39 + 1.96%), free **™Tc (0.32 + 0.38%),
and dendrimer-only (D-°°"Tc, 0.00%). Statistical analysis using Tukey's multiple comparisons test
revealed muscle uptake of D-BTX—°"Tc to be significantly greater than in all other groups (p <
0.005). In addition, BTX=°"Tc retained significantly higher concentrations in muscle than D—
99mTc and free °°™Tc (p < 0.01), confirming botulinum activity in muscle-targeting as well as
showing increased retention provided by dendrimer conjugation. Other tissues showed a
negligible uptake rate for both BTX-based formulations (D-BTX=°"Tc and BTX—°°"Tc). Notably,
free %°™Tc showed rapid systemic spread with very high uptake by the gastrointestinal tract and
stomach, consistent with the known biodistribution of pertechnetate.’”® Overall, the D-BTX—°°"Tc
preparation displayed higher in vivo stability, muscle site-specific retention, and low off-target

organ accumulation.
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Figure 6. Visualization of the in vivo biodistribution analysis using a heatmap plot. Moreover,
immediately and 12-h post-injection SPECT Imaging of the muscle tissue following the
intramuscular injection of (B) free °°™Tc, (C) °°™Tc-dendrimer, (D) °°™Tc-Labeled D-BTX
nanoconjugate, and (E) **™Tc-BTX. The table also presents data derived from the quantification

of muscle biodistribution images of technetium-labeled formulations using ImageJ software.

Evaluation of retention and localization of radiolabeled BTX formulations in muscle tissue

For comparison of localization and retention ability of various BTX-based preparations in the
muscle tissue, the mean signal intensity and area of distribution were quantitatively analyzed
through SPECT imaging and ImageJ software (Figure 6B to E). In the case of free °*™Tc, mean
intensity decreased sharply from 90.753 (Time 0) to 74.245 (12 h later), together with a drop in
dispersion area from 9234 to 7082. This decrease was indicative of rapid diffusion of free %°™Tc
from the site of injection, confirming its low retention capability and high systemic leakage. On
the other hand, ®*™Tc-dendrimers experienced a mean intensity increase from 78.474 to 97.507
between 0 and 12 h, and the area of distribution decreased significantly from 4529 to 2229. This
is a reverse trend that showed that dendrimers effectively localized the radiotracer into a
concentrated small volume of muscle tissue and enhanced retention but limited dispersion.
Similarly, ®*™Tc-Labeled D-BTX nanoconjugates demonstrated high mean intensities, rising from
84.747 to 88.107, with a slight reduction in area from 1152 to 1089 after 12 h. The smaller change
in both parameters indicates excellent stability, improved muscle localization, and reduced
diffusion, hence making D-BTX highly suitable for long-term therapeutic effects at the target

region. For 9°™Tc-BTX, an increase in mean intensity by a moderate degree of 85.269 to 90.201
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and a modest growth in area from 2434 to 2784 were observed. Although this suggests good
retention, the increase in area suggests a relatively greater diffusion than in D-BTX

nanoconjugates.

Discussion

Herein, we successfully synthesized and characterized a dendrimer-botulinum Botox
nanoconjugate derived from the second-generation ALGD as the carrier platform. Our results
show greater physicochemical stability, biocompatibility, and muscle-targeted delivery of D-BTX-
A compared to free Botox, circumventing long-standing issues with the conventional BOTOX". In
vitro and in vivo experiments, including cytotoxicity assays, radiochemical labeling, and
biodistribution imaging, also supported the value of our nanoconjugate for biomedical
applications in which precision and extended delivery of BOTOX" is required.

While outstanding advances in the synthesis of Botox-based nano-formulation have been
documented, dendrimer-mediated delivery of Botox is a novel and rising topic of research.
Despite this, dendrimers have already emerged with impressive promise as carriers of other
therapeutic payloads due to their extremely branched, monodisperse, and surface-mutable
architecture. More specifically, a fundamental property of ALGD dendrimers is that they are
amphiphilic and anionic, making high drug loading possible with sustained release without
resorting to stabilizing excipients.*> 67: 70, 71, 80 Moreover, our rationale for employing ALGD
dendrimers was further validated by prior research into PEG-based Botox delivery platforms. For
example, Poly(lactic-co-glycolic acid) (PLGA)-PEG-PLGA copolymers, as well as other PEG-

modified matrices, such as Poly(DL-lactide) (PDLLA)-PEG-PDLLA and P(L-co-CL)-PEG-P(L-co-CL),
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have been shown to extend the in vivo neuromuscular blockade attributed to BTX-A for up to 30
days, compared to just a few days with free Botox. The duration of the paralysis was determined
to be related to the composition of the polymer and excipients like PEG-400 Da.*® These data
further support the conclusion that PEG-based polymeric nanoparticles can extend the duration
of BTX-A action and enhance its delivery to the target muscles, which is consistent with
performance in our D-BTX nanoconjugate platform.

Although nanotechnology-based platforms, such as nanoemulsions, hydrogels, and
polyelectrolyte complexes, have been found to be useful in prolonging the drug stability and
activity of Botox (Table 5), our dendrimeric formulation has the additional benefit of structural
accuracy and stability over a prolonged period. For example, nanoemulsion-based Botox delivery
systems offered protection against environmental stresses, including pH, enzymatic hydrolysis,
and heat, and maintained biological activity for a period of three weeks after application, with
clinical effects of muscle relaxation and wrinkle smoothing up to 12 weeks.® Polymeric
microparticles, including PLGA, have also been shown to prolong Botox activity. A particularly
important finding was that a 1.5 U dose of PLGA-encapsulated Botox microparticles was effective
for inducing neuromuscular paralysis in mouse models for up to 47 days—almost threefold the
level of paralysis achieved with lower dosing of the free toxin. Yet the 1.5 U dose of the free Botox
proved to be intolerable to the animals.*® Similarly, flash nano-complexation and nano-
precipitation of BTX-A toxoid and Botox with polyelectrolyte complexes (PEC) have enabled
sustained, linear release profiles (e.g., 30—35% release over 30 days and ~75% over 98 days). This
approach has also demonstrated increased functional longevity in vivo, significantly enhancing

grip strength recovery and prolonging action duration compared to unencapsulated Botox.>3 81
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New peptide-augmented nanocomplexes (e.g., cell-penetrating peptides (CPPs)-Botox) also
highlight the potential of nano-architectures in controlling BTX release kinetics and its
therapeutic efficacy. These platforms showed a slower onset with a more sustained
neuromodulatory action—a beneficial profile for aesthetic or therapeutic neurological use.?” In
addition, electrochemically prepared BTX-nanocomplexes with colloidal silver nanoparticles are
yet another novel strategy, significantly enhancing the Botox's shelf-life (up to 3—4 months
refrigerated versus 1-2 weeks for standard BTX in saline). Clinical results also reflected a
significant prolongation of the therapeutic duration of this formula—up to 11 months—among
patients with periocular usage.”® Hydrogel-based and thermo-sensitive Botox formulations,
including carboxymethylcellulose (CMC)-BTX and TCGel®, also provide local biocompatibility with
sustained release. Such safe delivery systems have shown efficacy in managing conditions such
as painful bladder syndrome (PBS/IC), where clinical effects endured for 12 weeks after
treatment.*6 55 82

The remarkable originality of our research was the long-term colloidal stability of the D-BTX
complex in vitro, sustained for six months without the use of cryoprotectants or surfactants.
However, these in vitro findings need to be confirmed by functional potency tests, including FRET-
based SNAP-25 endopeptidase assays, in vivo LDspand paralysis assays in mouse models, and the
Aoki scale scoring system.1® 4% 52 72 Of note, previous studies, such as those on CPP-Botox
nanocomplexes, have reported that freeze-drying with excipients (e.g., trehalose and
polysorbate 20) is necessary to maintain structural integrity. In their trials, SEM observation of
resolubilized CPP-Botox particles verified that lyophilization did not alter particle shape or size.

Additionally, the study identified PBS as the optimal solvent for yielding the smallest and most
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uniform particles, likely due to the ionic strength and pH of the medium. These parameters were
able to influence particle size and charge distribution, thereby affecting their stability and ability
to form stable complexes.?’ In contrast, our D-BTX nanoconjugates showed their uniform shapes
when stored for six months.

In addition, the D-BTX nanoconjugate stability test demonstrated greater long-term
physicochemical stability compared to the commercial free Botox formulation (Masport; Table
1). Over a period of six months' storage at 4 °C, D-BTX exhibited a stable hydrodynamic diameter
with only slight changes being observed (160 £ 3.1 nm when synthesized, 153 £ 2.5 nm after 3
months, and 162 + 2.8 nm after 6 months), indicating very good colloidal stability. TEM imaging
also verified the preservation of spherical morphology and absence of aggregation or structural
deformation during storage. In comparison, the Masport brand, a lyophilized abobotulinum toxin
A preparation stabilized in lactose and human albumin, has a reported shelf-life of only three
months prior to reconstitution and limited post-reconstitution stability of just 8 h when kept
under recommended refrigeration (2—-8 °C).2% 22 The marked disparity in long-term stability
underscores the advantage of the dendrimer-based conjugation method employed in the D-BTX
formulation. By providing increased durability against environmental stressors and minimization
of protein denaturation or aggregation, D-BTX offers a robust alternative with prolonged storage
capability, making it more suitable for biomedical applications where longer shelf-life and
reproducible performance are paramount. This heightened stability not only avoids the native
botulinum toxin's natural lability but also provides a practical means to avoid cold chain logistic

problems and product wastage in the clinic.
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From a safety standpoint, our dendrimer-based delivery system has some clear benefits over
newer formulations of Botox containing surfactants and virus-derived excipients. For instance,
Daxxify’, containing RTP004 and polysorbate 20, has been linked to adverse events (AEs) in as
many as 20% of patients, while liquid Botox formulations such as Alluzience® have recorded even
higher AEs in several studies.®3 Since there are limited long-term safety data available for
polysorbate-containing products, our dendrimer-based strategy, excipient-free of such additives,
can potentially be a safer and more pharmacologically controlled option. Such characteristics
may translate into better patient outcomes and fewer risks of treatment-related adverse effects.

The physicochemical characterization conducted in our research confirmed the effective
synthesis and formulation of the D-BTX complex. The calculated ~43% increase in hydrodynamic
diameter after conjugation—from 111.6 + 16.9 nm to 160.0 + 3.1 nm—was in agreement with
the literature on ALGD-based drug delivery systems, further confirming the effectiveness of our
approach.®®’! In addition, the reported zeta potential shift from —25.2 mV to +17.16 mV is a
strong indication of successful electrostatic and covalent binding between the anionic dendrimer
and cationic sites of BTX-A—a feature also reported in previous nanoconjugate works by Zadeh
Mehrizi et al.”% 8 Compared to other nanotechnology-based Botox delivery systems, some
significant differences are apparent. Nanoemulsion systems, for example, through high-pressure
microfluidization, exhibited a wide range of sizes (10—300 nm) and zeta potentials, which lacked
the precise control that our dendrimer-based system offers.!® Moreover, CPP-Botox
nanocomplexes had a size range of 308 + 15 nm to 221 + 8 nm, also reflecting the greater

uniformity and control of our dendrimeric system.?’
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Regarding biocompatibility, our research revealed that the low concentration of D-BTX (0.001
ng/mL) induced a considerable decrease in the cytotoxicity of free Botox. However, this effect
was not seen at higher concentrations of 0.01 and 0.1 ng/mL. Compared to other earlier Botox
delivery approaches, our approach has several evident advantages. For example, Shabani et al.?’
illustrated that their CPP-Botox nanocomplexes internalized efficiently into NIH-3T3, which was
correlated with long-term increased toxicity due to improved cellular uptake.?” Even though
these approaches achieve the best therapeutic outcome, they are likely to deliver more off-target
cytotoxicity as well. In contrast, our dendrimer-based approach was muscle-targeted and
reduced nonspecific uptake, with a better safety-to-efficacy ratio. Moreover, our D-BTX
formulation tended to reduce the inherent cytotoxicity of free Botox at 0.001 ng/mL. This can be
attributed to the protective cover offered by the PEG-based dendrimer matrix.

One of the significant strengths of the current work is its detailed in vivo biodistribution study
of the ®™Tc-labeled D-BTX nanoconjugate. After intramuscular delivery, the construct was found
to be highly specific for targeting muscle tissue with very minimal off-target organ accumulation.
Such specificity is extremely beneficial for the treatment of localized neuromuscular diseases.
Notably, such targeting specificity at this level has not been routinely demonstrated in other
nanoformulated Botox systems.?” 4% 53 81 However, the current study had a few flaws, the major
among them being the absence of longitudinal functional testing in dominant models of
neuromuscular dysfunction.

Most importantly, by determining the quantification of retention and dispersion of
radiolabeled BTX formulation in muscles, we established that the D-BTX nanoconjugates possess

the most optimal profile with the highest retention (stable/increased mean intensity) and least
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tissue dispersion (stable area). This increased BTX localization in muscles, which is highly essential
for optimal BTX therapeutic efficacy and restricted off-target activity in adjacent tissues. Further,
the °*™Tc-radiolabeled nanoconjugate of D-BTX allows for real-time, noninvasive tracking of
tissue-selective delivery with SPECT imaging. Radiochemical purity (290%) and structural integrity
were retained following more than 24 h (>85% intact), and the construct proved to have imaging
capability without sacrificing therapeutic activity. The inherent characteristics of the dendrimer
carrier—high branching, internal cavity volume, and numerous surface functional groups—
position it well as a platform for such dual-mode use. Prior research by Hashempour Alamdari et
al. (2017) and Mirzaei et al. (2015) has established G2-ALGD conjugates as a suitable vehicle for
combined imaging and therapy in biological systems, reinforcing the viability of this platform.®
%9 |n particular, their work demonstrated gadolinium-encapsulated G2 dendrimers conjugated
with ligands to target tumors for tumor-specific MRI imaging and therapeutic application.
Expanding upon these ideas, our D-BTX construct and *™Tc-radiolabeling strategy broadens this
paradigm to neuromuscular disorders, which places dendrimer—botulinum formulations as next-

generation precision nanomedicines.

Limitations and Future Perspectives

We completely understood that the next critical step was to test the biological activity and
biostability of our Botox-dendrimer conjugates in vivo. However, due to the financial and
resource constraints inherent to this project, we were unable to extend our work to in vivo
functional potency assays at this stage. Therefore, we accept this as a limitation and explicitly

state that our future research will focus on in vivo validation of the retained biological activity
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and therapeutic efficacy of the G2-ALGD-Botox formulation. Indeed, the ultimate practical value

of this system depends on a thorough in vivo validation.

Conclusion

In summary, we were able to synthesize and characterize a PEGylated dendrimer-Botox (D-BTX)
nanoconjugate as a solution to the instability and uncontrolled diffusion of the native Botox
formulation. Conjugation onto G2-ALGDs significantly enhanced the physicochemical stability of
Botox by presenting increased particle size, altered surface charge, and stable amide bond
formation. This preparation was of good cytocompatibility at low levels and had structural
stability following six months of cold storage. Radiolabeling with high-purity technetium-99m was
achieved with short-term stability, allowing effective imaging. SPECT analysis confirmed
enhanced muscle localization and retention of D-BTX with minimal diffusion from the injection
site. For enabling clinical translation successfully, broad-based studies should be conducted for
assessing long-term functional performance, dosing regimen tailoring, and establishing safety in

late-stage translational animal models.
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Table 1. Comparison of different botox brands.

Generic name

Abobotulinum

Abobotulinum

Daxxibotulinum

Onabotulinum

Abobotulinum

Incobotulinum

toxin A toxin A toxin A toxin A toxin A toxin A
Brand name Masport Dyston Daxxify Botox Dysport Xeomin
Danesh bonyan
Revance Allergan
Manufacturer | Masoon Darou | imen vaccine Ipsen biopharm Merz pharma
therapeutics pharmaceuticals
alborz
Registration
2012 2017 2022 1991 2009 2010
year
Country of
Iran Iran USA USA UK Germany
origin
Packaging
500 300 500 100 500 100
(U/vial)

48




Hemagglutinin &

Hemagglutinin

&

Hemagglutinin &

Non-
Non- Non-
Human Hemagglutinin
hemagglutinin RTP 004 Peptide; Hemagglutinin Albumin 1 mg;
Composition Albumin; proteins;
proteins; Polysorbate-20 proteins; Sucrose
Lactose Albumin 500 pg;
Human albumin; Albumin 125 pug;
Sucrose;
Lactose Lactose
Sodium chloride
Molecular
900 900-300 150 900 900-500 150
weight (kDa)
Preparation
Lyophilized Lyophilized Lyophilized Vacuum dried Lyophilized Lyophilized
form
Storage Room Room
2-8°C 2-8°C 2-8°C 2-8°C
temperature temperature temperature
Shelf-life after
8h 8h 72 h 36h 24 h 36 h

reconstitution
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Stability

3 months

3 months

6 months

3-4 months

4 months

3 months
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Table 2. Physicochemical characteristics of free dendrimers and D-BTX conjugates.

Formulation

DLS

Mean diameter (nm)

Zeta potential (mV)

After three

After six

After three | After SiX
Baseline Baseline
months months months months
D 111.6+16.9 | - - —-25.2+1.63 - -
D-BTX 160.0+ 3.1 153+ 2.5 162 +2.8 | +17.16 £1.24 | +2.42+1.92 | +3.86 +1.27
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7

8

10

11

12

13

14

15

16

17

18

19

20

21

22

Table 3. Key FTIR absorption bands observed for dendrimer, botulinum toxin, and D-BTX

conjugates.
Sample Functional group Frequency (cm™)
N-H and O—H stretching 2900-3500
Botox
Carbonyl (C=0) stretching 1000-1300
C=0 (carboxyl) 1600-1700
Citric Acid
O—H stretching ~3400
N—-H and O—H stretching ~3500
PEG-citric Dendrimer
Dendrimer carbonyl (C=0) ~1700
D-botox C=0 stretching (amide I) 1649
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Table 4. Biodistribution analysis of **™Tc-labeled formulations.

Total active tissue
Formula Organ Active tissue (uCi) Tissue weight (g) % Activity
(nCi)
Muscle 597.9+19.94 0.9785 +0.15 36.393 +1.96 1696.5 + 188.79
Heart 0.00 0.2805 + 0.044 0.00 —
Kidney 0.00 0.5515 + 0.0106 0.00 —
Brain 0.00 0.5795 £ 0.0035 0.00 —
Spleen 0.00 0.383 £ 0.0919 0.00 —
BTX->*™Tc
Liver 4.12 2.6805 £ 0.426 0.053 £ 0.035 —
Stomach 0.05 1.0575 £ 0.306 0.00 —
Lung 0.00 0.4155 £ 0.016 0.00 —
Intestine 0.00 4.5865 + 0.0346 0.00 —
Bladder 0.00 0.5445 £ 0.622 0.00 —
Muscle 1443.75 £ 930.90 1.011 £0.4341 74.245 £+ 12.665 1823.5+16.26
D-BTX-2°"Tc
Heart 0.00 110.578 £+ 156.15 0.00% —
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Kidney 0.055 +0.077 0.4675 +0.0148 0.005 + 0.0077 —
0.00
Brain 0.5385 +0.078 0.00% —
Spleen 0.00 0.225 +0.0212 0.00% —
Liver 0.01+0.14 1.7705 +0.1435 0.0033 +0.005 —
Stomach 0.00 0.7715+0.54 0.00% —
Lung 0.00 0.2705 +0.024 0.00% —
Intestine 0.875+1.19 3.4435 +0.590 0.015 +0.015 —
Bladder 0.00 0.3505 +0.30 0.00% —
Muscle 1.24 1.085 0.32+0.3 2091.00 + 25.3
Heart 1.61 0.249 0.3345 +0.034 —
Kidney 0.40 0.559 0.036 + 0.008 —
99mTc
Brain 0.00 0.582 0.00% —
Spleen 0.81 0.448 0.085 *+ 0.007 —
Liver 87.83 2.982 1.525 +0.1626 —
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Stomach 664.70 0.841 40.70 £ 4.1146 —
Lung 7.08 0.427 0.8545 + 0.0912 —
Intestine 164.60 4.562 1.865 + 0.1909 —
Bladder — — — —
Muscle 0.00 0.602 0.00% 1949.00
Heart 0.46 0.629 0.0405 + 0.0007 —
Kidney 17.65 0.918 0.98 + 0.01414 —
Brain 0.00 0.425 0.00 —
Spleen 12.08 0.576 1.0795 +0.0007 —
D-%°"Tc
Liver 929.10 3.240 14.7095 + 0.0007 —
Stomach 0.65 1.105 0.029 + 0.0001 —
Lung 22.22 0.575 1.53905 + 0.623 —
Intestine 25.20 5.119 0.24995 + 0.0001 —
Bladder — — — —
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Table 5. Summary of intramuscularly injected BTX-A nanoformulations with enhanced storage stability or extended duration of action.

Toxin /
Nano-botox Characterizatio Administrati | Stability & In
Ref. Synthesis method Drug release Brand
formulation ns on route vitro findings
(serotype)
10-300 nm; Zeta
BOTOX®,
potential (mV):
High DYSPORT®,
-50to +50
High-pressure IM; resistance to | Wako
10 Banoemulsions OR Not mentioned
microfluidization transdermal | environment | Chemicals
-25to +25
al stressors (A, B,C1,C2,
OR
D, F, G)
-10to +10
CPP- Delayed onset, Stable post- | Masport®
27 PEC 221-308 nm IM
Nanocomplexes prolonged effect lyophilization | (A)
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Fluorescence

nanoparticles

-precipitation

~75% in 98 days)

for 70 days

PLGA with lactide-to- resonance
glycolide (L: G) ration energy
PLGA-based Emulsion/microfab List biolabs
49 <100 um 75:25 (98%); IM transfer
microparticles rication (A)
PLGA with L: G 85:15 (FRET) assay
(94%) confirmed
bioactivity
Flash nano-
PEC 30%-35% in 30 days, Stable at 25°C
53,81 complexation/nano | Not mentioned IM A, toxoid

27

28

29
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