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microparticles

Hengli Zhang, a Helna M. Baby,a Shingo Ishihara,c Chenzhen Zhang,a Jun Li,c

Natalie S. Adamczyk,c Ezra M. Cohen,d Rachel E. Millerc and
Ambika G. Bajpayee *a,b

Osteoarthritis (OA) is a leading cause of chronic pain, affecting millions worldwide. Conventional pharma-

cological treatments provide only short-term relief and pose risks with long-term use, highlighting the

need for safer, sustained analgesic strategies. Voltage-gated sodium channels (NaV), particularly NaV1.7,

are key mediators of OA pain and represent a promising therapeutic target. Neosaxitoxin (NSTX), a potent

site-1 sodium channel blocker (S1SCB), exhibits high affinity for NaV1.7. Clinical studies demonstrate that

subcutaneous administration of NSTX can safely block sensory pain in healthy individuals, but its anes-

thetic effect is short-lived, limiting its clinical utility for OA. Here, we report the first use of NSTX for OA

pain relief with a local intra-articular (IA) delivery approach. A low dose (10 pg) produced effective pain

relief in a post-traumatic OA mouse model, as assessed by knee hyperalgesia testing. However, the effect

persisted for only a few hours even with a 100-fold higher dose, highlighting the need for sustained deliv-

ery. To prolong this short-lived pain relief and overcome the challenges of encapsulating small, hydro-

philic S1SCBs like NSTX, we developed a sustained-release platform using alginate–poly(lactic-co-glycolic

acid) microparticles (AlgPLGA-MPs). Incorporation of a negatively charged alginate core in the inner

aqueous phase enhanced NSTX encapsulation through electrostatic interactions and minimized burst

release. IA injection of NSTX encapsulated AlgPLGA-MP in a murine OA model produced significant pain

relief for up to one week. To further prolong joint residence time, the microparticle surface was functio-

nalized with cationic avidin (AvAlgPLGA-MP) that reversed the net surface charge from anionic to cationic.

This modification promoted electrostatic binding to negatively charged synovial matrix components and

prolonged intra-joint retention time, while maintaining biocompatibility. Together, these results establish

NSTX as a highly potent analgesic for chronic OA pain and present alginate-core PLGA microparticles as a

safe and effective sustained-release platform. This delivery system holds broad translational potential for

other small, hydrophilic analgesics and therapeutic agents.

1. Introduction

Chronic pain affects approximately 20% of adults in the
United States, with osteoarthritis (OA) being a major contribu-
tor.1 Current pharmacological treatments—such as acetamino-
phen, NSAIDs, duloxetine, and opioids—offer only short-term
relief and carry significant toxicity risks with prolonged use.2

Consequently, there is a pressing need for safe, effective long-
term therapies for OA pain.

Experimental models suggest that joint nociceptors are sen-
sitized by pro-inflammatory mediators during joint damage,
leading to peripheral sensitization.3 This process activates
transient receptor potential channels and voltage-gated
sodium channels (NaV1.7, NaV1.8, and NaV1.9), making them
attractive drug targets for OA pain modulation.4–6 The recent
FDA approval of the NaV1.8 inhibitor suzetrigine (JOURNAVX)
underscores the therapeutic promise of sodium channel block-
ers.7 Neosaxitoxin (NSTX), a site-1 sodium channel blocker
(S1SCB) with high affinity for NaV1.7, has also emerged as a
promising candidate (Fig. 1A).8–11 By acting at site-1, NSTX
reversibly occludes sodium channel pores without inducing
conformational changes, thereby avoiding neuronal desensiti-
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zation and plasticity that could lead to maladaptive adap-
tations over time.12,13 Compared to its parent compound saxi-
toxin (STX), NSTX features an additional hydroxy group at the
C11 position, enhancing its binding affinity to specific sodium
channels.14 Electrophysiological studies demonstrate that
NSTX can inhibit action potentials in frog peripheral nerves by
50% at ∼2 nM, making it five times more potent than STX and
1000–10 000 times more potent than local anesthetics like
bupivacaine and lidocaine.15–17 Notably, NSTX shows reduced
affinity for the cardiac isoform NaV1.5, minimizing risks of
cardiac and neurotoxicity associated with traditional local
anesthetics.18–20

NSTX has undergone clinical evaluation as a local analge-
sic. A high subcutaneous (S.C.) dose of 50 µg in healthy volun-
teers blocked heat pain for 3 hours and cold pain for 24 hours
without adverse effects.21 In a Phase I trial, 5–40 µg S.C. doses
with buprenorphine and epinephrine modestly extended
analgesia, but a single 10 µg dose lost its anti-nociceptive
effect within an hour.22 These findings support the safety and
potential of NSTX but emphasize the need for sustained deliv-
ery strategies. To date, NSTX has not been evaluated for OA
pain via intra-articular (IA) injection, and its efficacy at low
doses remains unclear. Intra-joint depot formulations are
needed to address rapid clearance and enable long-term
relief.23–25 Biodegradable materials like poly(lactic-co-glycolic
acid) (PLGA) are widely used for controlled drug delivery and
have FDA approval in products like Zilretta, a PLGA-based cor-
ticosteroid for OA pain.26,27 However, encapsulating small,
hydrophilic molecules in PLGA is challenging because these
drugs tend to diffuse rapidly into the external aqueous phase
during formulation.28–30 This often leads to low encapsulation

efficiency and a high initial burst release, which can compro-
mise effective dosing. For instance, amoxicillin—a molecule
similar to NSTX in both molecular weight and hydrophilicity—
typically shows encapsulation efficiencies of only 4–35% using
the double emulsion method, with an initial burst release
exceeding 20%.31 Therefore, it is critical to optimize PLGA-
based delivery systems for high NSTX encapsulation and
enable effective IA depot therapy for sustained OA pain
management.

In this study, we evaluate the analgesic potential of NSTX
for OA pain. We also develop a sustained-release intra-articular
delivery system using alginate-PLGA microparticles
(AlgPLGA-MP) and demonstrate that it can effectively provide
prolonged pain relief in rodent models of post-traumatic OA.
To further improve joint retention, we functionalized the par-
ticle surface with cationic avidin to enhance binding to nega-
tively charged components of synovial fluid within the joint.
Our findings, for the first time, demonstrate the feasibility of
using NSTX-loaded microparticles for effective and sustained
OA pain management, supporting their potential as a platform
for delivering small hydrophilic analgesics.

2. Methods
2.1 Materials

Resomer RG 505 (poly(D,L-lactide-co-glycolide) (PLGA) (M.W.
54–69 kDa, LA : GA = 50 : 50)), poly(ethylene glycol) methyl
ether-block-poly(lactide-co-glycolide) (PEG-PLGA) (M.W. PEG
2 kDa, PLGA 10 kDa, LA : GA = 50 : 50), poly(vinyl alcohol)
(PVA) (M.W. 30–70 kDa, 87–90% hydrolyzed), and TraceCERT
neosaxitoxin solution were purchased from Sigma-Aldrich
(St. Louis, MO). Alexa Fluor™ 488 Hydrazide, Lumiprobe™
Cyanine7 (Cy7) NHS ester, avidin, avidin-Texas Red™ conju-
gate, dimethyl sulfoxide (DMSO), dichloromethane (DCM),
sodium alginate, Invitrogen™ DiBAC4(3) (bis-(1,3-dibutyl-
barbituric acid)trimethine oxonol) (bis-oxonol), and calcium
chloride (CaCl2) were obtained from Thermo Fisher Scientific
(Waltham, MA). 1,2-Distearoyl-sn-glycero-3-phosphoethanola-
mine-N-[biotinyl(polyethylene glycol)-2000] (DSPE-PEG-biotin)
was purchased from Avanti Polar Lipids (Alabaster, AL). The
NSTX enzyme-linked immunoassay (ELISA) kit was obtained
from Beacon Analytical Systems (Saco, ME). Neuro-2a mouse
neuroblastoma cells were kindly provided by Dr Nitin Joshi
(Brigham and Women’s Hospital, Harvard Medical School).
Veratridine was purchased from Tocris Bioscience (Bristol,
UK). Propidium iodide (PI) was sourced from Thermo Fisher
Acros Organics (Geel, Belgium). Low-glucose Dulbecco’s modi-
fied Eagle’s medium (DMEM) and phenol-red free DMEM were
obtained from Cellgro (Manassas, VA). Fetal bovine serum
(FBS) and penicillin–streptomycin–antimycotic (PSA) were pur-
chased from Gibco (Grand Island, NY).

2.2 Formulation and characteristics of microparticles

2.2.1 AlgPLGA-MP and AvAlgPLGA-MP formulation. Two
formulations, alginate-PLGA microparticles (AlgPLGA-MP) and
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avidin functionalized alginate-PLGA microparticles
(AvAlgPLGA-MP), were prepared using the W/O/W double
emulsion technique under sterile conditions, and the para-
meters for synthesis are listed in Table 1. To prepare NSTX
encapsulated AlgPLGA-MP (NSTX-AlgPLGA-MP) and
AvAlgPLGA-MP (NSTX-AvAlgPLGA-MP), the NSTX powder was
mixed with 0–3% (w/v) sodium alginate in water and incubated
overnight in a cold room to establish the inner aqueous phase.
The oil phase was created by dissolving high molecular weight
PLGA (54–69 kDa) in DCM (Table 1). The inner water phase
and oil phase were mixed in a 1 : 10 (v/v) ratio and then sub-
jected to ultrasonication for 3 minutes at 75 W to produce the
primary emulsion (W1/O). For AlgPLGA-MP synthesis, the
outer aqueous phase was prepared by dissolving 3% (w/v) PVA
in 25 mM Na2HPO4 solution, and adjusted to pH 10.75. This
phase was homogenized with the primary emulsion using a
handheld homogenizer at approximately 2500 rpm for
1 minute, forming the secondary emulsion (W1/O/W2).
Subsequently, this emulsion was introduced into the continu-
ous phase containing 2% (w/v) CaCl2 and homogenized at the

same speed for 2 minutes to form the CaAlg2 inner core. After
homogenization, the emulsion underwent a 12 hour evapor-
ation process in a cold room. Microparticles were collected by
centrifugation at room temperature for 15 minutes and
washed 4 times with sterile water before freeze-drying. For
AvAlgPLGA-MP, 0.15 mg of DSPE-PEG-biotin in 50 μL of DMSO
was added before the second homogenization. This solution
was then thoroughly mixed into a 2.5 mL CaCl2-containing
PVA solution for the preparation of the outer aqueous phase.
Following evaporation and washing, the resulting formulation
was incubated with avidin with various biotin to avidin mole
ratios in 1 mL of 0.1 M bicarbonate buffer (pH 9.0) for 1 hour
to facilitate surface modification of the PLGA microparticles
with avidin.

2.2.2 Microparticle characterization. The zeta (ζ) potential
of both formulations was quantified utilizing a Zetasizer.
Additionally, the size distributions of the particles were
assessed through confocal microscopy, while their morpho-
logical characteristics were examined via scanning electron
microscopy (SEM). To verify the encapsulation of hydrophilic

Fig. 1 NSTX in OA pain relief. (a) Schematic representation of the analgesic mechanism of NSTX in OA (scheme created with biorender.com). (b)
Schematic depiction of NSTX intervention in two OA animal models—DMM mice and ACLT rats—along with their associated pain behavior analysis.
(c) Knee hyperalgesia of 6-week post-DMM mice with NSTX or saline injection at doses of (i) 10 pg and (ii) 1 ng over a 3 hour time course. The with-
drawal threshold baseline indicated by the dotted line (*p < 0.05 vs. saline; repeated measures two-way ANOVA with Bonferroni’s multiple compari-
sons test). (d) Hindlimb weight-bearing differences were measured over a 24 hour time course following IA injection of 1 ng NSTX at 6 weeks post-
ACLT surgery. The weight-bearing baseline indicated by the dotted line (*p < 0.05 vs. pre-injection; one-way ANOVA with Bonferroni’s multiple com-
parisons test). Data are presented as mean ± SD.
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molecules within the PLGA layer, and the effective surface
anchoring of avidin onto the PLGA layer, we adopted a strategy
involving the incorporation of multiple fluorescent dyes for
characterization via confocal microscopy. Specifically, Alexa
Fluor 488, representing small hydrophilic molecules, was
incorporated into the alginate solution, constituting the inner
water phase (W1). Furthermore, NHS-ester Cy7 was introduced
into the oil phase. For the AvAlgPLGA-MP formulation, Texas
Red-conjugated avidin was used for visualization. Confocal
microscopy was used to confirm the distribution and localiz-
ation of each layer within the formulated particles.

2.2.3 Encapsulation efficiency and loading capacity. To
evaluate the encapsulation efficiency (EE%) and loading
capacity (LC%) of NSTX within the formulations, the wash
solution was collected during the process of formulation, and
the washed particles were transferred to a pre-weighed tube
prior to lyophilization to measure the yield weight of the lyo-
philized sample. After lyophilization, the particles in their
powdered form were dissolved in dichloromethane (DCM).
Subsequently, 500 μL of MilliQ nanopure water was added to
this solution, followed by vortexing to facilitate the extraction
of hydrophilic NSTX into the aqueous layer. The quantity of
NSTX encapsulated within the particles was measured from
the extracted aqueous layer, and the NSTX present in the wash
solution was quantified separately using ELISA. The EE% and
LC% were calculated as follows:

Encapsulation efficiency ð%Þ ¼
encapsulatedNSTX

encapsulatedNSTXþ washed away NSTX
� 100%

Loading capacity ð%Þ ¼ encapsulatedNSTX
lyophilized sampleweight

� 100%

2.2.4 In vitro release profile of NSTX. The in vitro release
profile of NSTX from both formulations was characterized
using the sample-and-separate (SS) method.32 Each analysis
began by suspending 1 mg of microparticles in 1.5 mL of 1×
PBS at pH 7.4. This suspension was then rotated at 60 rpm in
a 37 °C incubator to simulate physiological conditions. At pre-
determined time points, the samples were centrifuged at 1000
rpm for 15 minutes to separate the supernatant from the

pellet. The supernatant, containing released NSTX, was care-
fully collected for analysis and further experiments, while the
pellet was resuspended in 1.5 mL of fresh PBS to continue the
release process under the same conditions. The concentration
of NSTX in the supernatant was quantified using an NSTX-
specific ELISA kit (Beacon Analytical Systems, ME), adhering
to the provided protocol. The cumulative release of NSTX was
calculated using the following formula, where n represents the
resuspension cycle at predefined time points:

Cumulative release ð%Þ ¼
PN

n¼0
releasedNSTX

encapsulatedNSTX content
� 100%

2.3 In vitro bioactivity

2.3.1 NSTX physiological stability. Stock solutions of NSTX
were diluted to a concentration of 0.2 µg L−1 in 1× PBS and
rotated at 37 °C at 60 rpm for two weeks. Every 1–3 days, 10%
of the sample volume was collected and the concentration of
NSTX was quantified using ELISA. The stability of free NSTX
was normalized to the concentration measured on day 0,
expressed in percentage. The stability of NSTX encapsulated
within PLGA microparticles was assessed by adding both the
cumulative release and the remaining content within the par-
ticles. Following the protocol outlined in method 2.2.4, NSTX-
encapsulated PLGA particles were suspended and cultured.
Samples were collected every day, and the supernatant was
analyzed using ELISA to determine the released NSTX concen-
tration. Additionally, 10% of the resuspended pellet was lysed
after each centrifugation to measure the encapsulated NSTX
content, while the remainder of the sample continued in the
release experiment. The stability of the encapsulated NSTX was
calculated using the following equation, where n represents
the resuspension cycle:

NSTX stabilityn ð%Þ ¼
PN

n¼0
releasedNSTXþ 10% of NSTX remaining encapsulatedn � 10

0:9n

total encapsulatedNSTX
� 100%

2.3.2 Cytotoxicity analysis of NSTX and AlgPLGA-MP.
Neuro-2a mouse neuroblastoma cells, gifted by Dr Nitin Joshi
(Brigham and Women’s Hospital, Harvard Medical School),
were cultured in low-glucose DMEM supplemented with 1%
penicillin/streptomycin/amphotericin (PSA) and 10% fetal
bovine serum (FBS). After at least two passages, cells were
seeded at a density of 5 × 103 cells per well in 96-well plates
and cultured for 4 days. Cytotoxicity was assessed using the
MTT assay after 24 hour treatments under various conditions.
Cells were treated with culture media alone or media contain-
ing the supernatant from either blank AlgPLGA-MP or
NSTX-AlgPLGA-MP released in the physiological environment.
Additional treatment groups included media with 600 nM
stock NSTX or DMSO at concentrations of 1% or 10%. After
24 hours, cells were stained with propidium iodide (PI; 10 µg
mL−1 in PBS) for 5 minutes in the absence of light, followed by

Table 1 Parameters to formulate alginate-PLGA microparticles
(AlgPLGA-MP) and avidin functionalized alginate-PLGA microparticles
(AvAlgPLGA-MP)

Formulation/
parameters AlgPLGA-MP AvAlgPLGA-MP

Inner water phase
(W1) solvent

2% (w/v)
alginate

2% (w/v) alginate

Oil phase (O) PLGA M.
W.

54–69 kDa 54–69 kDa

Outer water phase
(W2)

3% PVA (pH
10.75)

3% PVA (pH 10.75) +
DSPE-PEG-biotin

Biotin : avidin (mol) N/A 1 : 0.5
W1/O/W2 volume ratio 1 : 10 : 500 1 : 10 : 500
NSTX : PLGA weight
ratio

1 : 2500 1 : 1000
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a PBS wash. Fluorescence microscopy (Nikon) was used to visu-
alize PI-stained non-viable cells, which appeared red.

2.3.3 Induced membrane potential recording – sodium
sensitive in vitro experiment (IMPRESSIVE). To evaluate the
bioactivity of released NSTX from NSTX-AlgPLGA-MP in
blocking sodium channels, an assay of induced membrane
potential recording – sodium sensitive in vitro experiment
(IMPRESSIVE) was developed. This method involves monitor-
ing the changes in cellular fluorescence using a membrane-
potential-sensitive dye under confocal microscopy. After at
least two passages, Neuro-2a cells were seeded at a density of 5
× 103 cells per well in a 96-well plate and cultured for 4 days.
Prior to the IMPRESSIVE assay, the culture medium in each
well was replaced with 100 μL of phenol-red free culture
medium containing 30 nM bis-oxonol and incubated in a cell
incubator for 30 minutes to allow for dye uptake. Cells exhibit-
ing characteristic neuroblastoma morphology were selected
for analysis. Fluorescence monitoring was conducted using a
confocal microscope (LSM 880) equipped with a 10× objective
lens, using an excitation wavelength of 493 nm and emission
detection at 516 nm. After the stabilization of baseline
fluorescence, 100 μL of 40 μM veratridine, a known sodium
channel activator, was added to the wells leading to
increased fluorescence due to sodium channel excitation.
After 25–30 minutes, once the fluorescence signal had stabil-
ized, the medium was replaced with one of the following: stan-
dard cell culture media, media containing 100 or 600 nM of
stock NSTX, or media containing 600 nM of released NSTX
from NSTX-AlgPLGA-MP as collected from the in vitro release
experiment. Fluorescence measurements were continuously
recorded for 19–20 minutes following the addition of
these treatments. The recorded fluorescence data were
then normalized to the average fluorescence value
obtained during the 20–30 second interval post-treatment
introduction.

2.4 Surgical procedure

2.4.1 Animals. All animal procedures were conducted in
accordance with the USDA Animal Welfare Act, the Public
Health Service Policy on Humane Care and Use of Laboratory
Animals, and the Guide for the Care and Use of Laboratory
Animals, as approved by the Institutional Animal Care and Use
Committees (IACUCs) of Northeastern University and Rush
University Medical Center. All in vivo experiments were per-
formed on male C57BL/6 mice or male Lewis rats. The mice
were bred in-house, provided with food and water, and ran-
domly assigned to an OA model and experimental groups.
Rats, aged 10 weeks and weighing 250–300 g, were obtained
from Charles River Labs (Wilmington, MA, USA) and housed
with food and water.

2.4.2 Destabilization of the medial meniscus (DMM),
partial meniscectomy (PMX) and anterior cruciate ligament
transection (ACLT) surgery. DMM or PMX surgeries were per-
formed on the right knees of 10–12-week-old male C57BL/
6 mice under isoflurane anesthesia, following previously
described procedures.33 In DMM surgery, the joint capsule was

opened via medial parapatellar arthrotomy, the infra-patellar
fat pad was dissected to expose the anterior medial compart-
ment of the knee, and the anterior medial meniscotibial liga-
ment was transected. Another cohort of mice underwent PMX
surgery with an additional cut of approximately 1/3 to 1/2 of
the anterior portion of the medial meniscus compared to
DMM surgery.

ACLT or sham surgeries each were performed on the right
knees of three 10-week-old male Lewis rats under isoflurane
anesthesia, with a subcutaneous injection of buprenorphine
(0.01 mg kg−1). Similar to previously described procedures, a
midline incision was made over the right anterior knee to
expose the patellar tendon, followed by a medial parapatellar
approach to enter the knee joint.34 The patella was laterally
displaced to expose and carefully transect the ACL. An anterior
drawer test was performed to confirm the ACL transection. The
joint capsule and skin incisions were then closed using 5-0
Vicryl sutures. For post-surgery treatment, meloxicam (2 mg
kg−1) was administered via subcutaneous injection immedi-
ately after surgery.

2.5 Pain behavior assessment

2.5.1 Knee hyperalgesia. Knee hyperalgesia in mice was
quantitatively evaluated using a Pressure Application
Measurement (PAM) device (Ugo Basile, Gemonio, Italy). Mice
were securely held with the hind paw’s knee flexed at a
90-degree angle, lightly stabilized with a finger. The PAM trans-
ducer was positioned manually on the medial knee, counterba-
lanced by the thumb on the lateral side, and force was applied
gradually at a constant rate of 30 g s−1, as guided by the PAM
software. The withdrawal threshold was determined as the
point where the mouse withdrew its knee, with a maximum
force limit of 450 g per assessment. The average withdrawal
force was recorded from two measurements per knee. Knee
hyperalgesia was assessed in mice at 6 weeks post-DMM or
PMX surgery, prior to intervention, to obtain baseline values.
DMM mice were administered with a single intra-articular
injection of free NSTX or saline. N = 3–5 DMM mice were used
per condition. PMX mice were intra-articularly injected with
NSTX-AlgPLGA-MP, NSTX-AvAlgPLGA-MP, blank AlgPLGA-MP,
or blank AvAlgPLGA-MP on day 0 and day 2 after PAM
measurement. N = 3–6 PMX mice were used per formulation
condition. PAM measurements were continued for evaluating
the knee hyperalgesia post-IA injection at predefined time
points. Evaluators were blinded to group allocations.

2.5.2 Hindlimb weight bearing. The hindlimb weight-
bearing measurement was used to evaluate pain behavior in
ACLT rats. The measurements were taken using an incapaci-
tance meter. ACLT rats were IA injected with free NSTX at 6
weeks post-surgery. N = 3 animals were used for weight-
bearing measurements at predetermined time points. Rats,
before surgery, underwent training to properly position them-
selves for 5 seconds on the incapacitance meter (IITC), with
each hindlimb placed on separate sensor plates independently
recording the weight bearing on each limb. A series of 15–-
20 measurements were obtained at predetermined time points
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following surgery or free NSTX intervention. The measurement
was blinded to the observer to eliminate bias and ensure the
objectivity of the data collected. Readings were carefully
screened, and any measurement from an individual limb that
represented less than 10% of the total body weight, or readings
cumulated from both limbs for less than 30% of the total body
weight, were excluded from analysis. The average of the valid
measurements was calculated and used for the determination
of weight distribution between the hindlimbs. The following
formulations were applied for the calculation of weight distri-
bution:

Change in hindlimbweight distribution ðgÞ
¼ contralateral leg weight � treatment leg weight

2.6 In vivo intra-articular joint retention

To assess the joint retention capability, 0.15 mg of NHS-ester-
Cy7 was dissolved in the oil phase of each formulation
(AlgPLGA-MP and AvAlgPLGA-MP) prior to the primary emulsi-
fication process. Male Lewis rats, aged 10 weeks, were anesthe-
tized using isoflurane. The joint area on both legs was shaved
and disinfected. Cy7 labeled formulations, AlgPLGA-MP and
AvAlgPLGA-MP, were resuspended in 100 μL of sterile 1× PBS
(pH 7.0) and IA injected into the legs. N = 4 rats were used per
group. In vivo retention imaging was conducted using an In
Vivo Imaging System (IVIS Spectrum). The radiant efficiency
emitted from the joints was quantified over a period of 7
weeks. Radiant efficiency data were obtained from a fixed ana-
tomical region of interest (ROI) at various time points for each
experimental group.

2.7 Histopathological analysis

Bilateral knee joints of PMX mice were harvested at 2 weeks
post-injection, decalcified in 14% EDTA, fixed in formalin, and
paraffin embedded. Coronal or sagittal mid-joint sections
(5 μm) were stained with H&E or Safranin O/Fast Green (Saf-O)
using standard protocols described before.35 Synovial pathol-
ogy in four regions—medial tibial (MT), medial femoral (MF),
lateral tibial (LT), and lateral femoral (LF) gutters—was
assessed for three features: lining hyperplasia (lining layer
thickness, cell layers), subintimal cellularity (cellular density),
and subintimal fibrosis (extracellular matrix density).

2.8 Statistical analysis

In vivo knee hyperalgesia for N = 3–6 per group of PTOA mice,
and intra-articular joint retention data for N = 4 per group of
healthy rats were analyzed using repeated-measures two-way
analysis of variance (ANOVA) with Bonferroni post hoc tests.
Weight-bearing asymmetry for N = 3 ACLT rats was assessed
via one-way ANOVA followed by Tukey’s post hoc test. N = 4–-
6 histology sections per condition were measured for synovitis
histopathology scores using multiple unpaired t-tests corrected
via the Benjamini–Krieger–Yekutieli method. The data are
expressed as mean ± SD, with p < 0.05 considered statistically
significant.

3. Results
3.1 NSTX exhibits short-term pain relief in DMM mouse and
ACLT rat models

The analgesic effect of NSTX for chronic OA pain was evaluated
using two PTOA preclinical animal models (Fig. 1B). Healthy
mice exhibited a baseline maximum knee hyperalgesia
threshold of 450 g, which declined to approximately 350 g at 6
weeks post-DMM surgery with the progression of chronic OA
pain. A theoretical minimum dose of 10 pg was tested, corres-
ponding to the half-maximal inhibition of action potential
duration (APD50) of NSTX in the physiological environment.15

Notably, this low dose provided significant pain relief within
1.5 hours post-injection, but the effect was not sustained
(Fig. 1C-i). To assess whether a higher dose could extend pain
relief, the IA dose was increased by 100-fold to 1 ng, which
restored the hyperalgesia threshold to the baseline within
30 minutes in DMM knees and remained significantly
improved compared to the saline-injected control for up to
1.5 hours. This effect, however, lasted only 3 hours post-injec-
tion and was accompanied by mild lethargy in the animals
(Fig. 1C-ii). This indicates that a 100 times higher dose did not
significantly extend the duration of relief, likely due to rapid
drug clearance from the joint.

A similar pain relief effect was observed in the ACLT rat
model. ACLT rats exhibited persistent hindlimb weight distri-
bution imbalances compared to both sham and naïve controls,
which maintained values near zero (Fig. S1, SI). At 6 weeks
post-surgery, IA injection of 1 ng NSTX into the ACLT knee sig-
nificantly reduced weight distribution differences to near zero
within 30 minutes to 1 hour, indicating effective pain relief
(Fig. 1D). However, this effect was transient and completely
lost after 2 hours.

3.2 Synthesis and optimization of PLGA-based formulation
to encapsulate NSTX

To prolong the analgesic effect and overcome the challenges
of encapsulating hydrophilic S1SCBs, PLGA-based micropar-
ticles were developed and optimized for sustained release.
Although various formulation parameters of the double
emulsion method were fine-tuned, the encapsulation
efficiency (EE%) of NSTX remained low, accompanied by a
substantial burst release of nearly 40% (Fig. S2, SI). To
address this, alginate, a negatively charged polymer, was
introduced into the formulation to enhance encapsulation of
hydrophilic NSTX. The presence of alginate within the inner
aqueous phase creates a viscous solution that prevents the
escape of NSTX molecules during the emulsification process
(Fig. 2A).36,37 Additionally, the net positive charge of NSTX
exhibits electrostatic interactions with alginate to improve
retention during formulation (Fig. 2B). The subsequent
addition of divalent calcium ions during the secondary emul-
sion allows for exchange with sodium ions to crosslink algi-
nate and form a solidified inner alginate core after droplet
formation (Fig. 2C). Formulations containing alginate
(AlgPLGA-MP) exhibited significantly higher encapsulation
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efficiencies than water-only formulations, resolving the issue
of poor NSTX encapsulation. Notably, with 2% alginate, the
EE% reached 89.6 ± 4.3%, the highest among all tested for-
mulations (Fig. 3A and Table 2).

3.3 Characterization of AlgPLGA-MP

Confocal microscopy images demonstrated the uniform distri-
bution of fluorescently labeled particles without aggregation,
where dual-labeled particles are shown overlaid with the
brightfield background and distinctly showed a structure with
an alginate core (green fluorescence) surrounded by a PLGA
layer with near-infrared (NIR) fluorescence indicated in blue
(Fig. 3B). The average size of the particles was 9.9 ± 5.8 µm,
with the majority falling within the 5–15 µm range (Fig. 3C
and Table 2). As for the release profile, the 1% alginate formu-
lation exhibited a high burst release of 21.9% ± 1.6% within
4 hours, whereas the 2% alginate formulation showed a much
lower burst release of 4.8% ± 1.0%, indicating better initial
retention of NSTX in the 2% formulation (Fig. 3D). The 1%
alginate formulation followed a near-logarithmic release
profile for the first 3 weeks, with an increased release rate
between weeks 3 and 5. Conversely, the 2% alginate formu-
lation released NSTX at a gradual rate of about 5% per day
during the first 3 days, followed by a slower release of approxi-
mately 0.34% per day until week 4. Between weeks 4 and 5,
23% of NSTX was released. This delayed release likely results
from the double-core structure of alginate and PLGA, where

the degradation of the PLGA layer allows the alginate-NSTX
core to be fully released. The morphology of the particles
during in vitro release was analyzed using SEM (Fig. 3E).
Freshly formulated particles exhibited a rough “stone-like”
shape, likely due to the sticky nature of alginate, which pre-
vented the formation of uniformly round particles during
homogenization. After one week of release, some debris was
observed due to particle hydrolysis, but most particles retained
their original morphology (Fig. 3E-iii). NSTX release appeared
to occur through expanded, hydrolyzed pores. In subsequent
weeks, the particles began to disintegrate and expand their
inner alginate core, facilitating additional NSTX release. Taken
together, 2% alginate was selected for the optimized
AlgPLGA-MP formulation in the subsequent in vitro and in vivo
experiments.

3.4 NSTX and AlgPLGA-MP are non-cytotoxic and NSTX
remains stable in NSTX-AlgPLGA-MP

The MTT assay confirmed that NSTX and AlgPLGA-MP are safe
as the neuroblastoma cells treated with the AlgPLGA-MP
released supernatant or free NSTX showed cellular viabilities
higher than 90% similar to the untreated control conditions
(Fig. 4A). In live/dead staining, a significant number of non-
viable and detached cells were observed in the DMSO-treated
group, whereas the vehicle, NSTX, and NSTX-AlgPLGA-MP
treated groups showed minimal cell death (Fig. 4B). Both

Fig. 2 Schematic illustrating the synthesis of NSTX encapsulated alginate-PLGA double core microparticles (AlgPLGA-MP) and the mechanism of
core solidification. (a) NSTX-AlgPLGA-MP are synthesized using a W/O/W double emulsion method. (b) Schematic illustration of the NSTX-alginate
droplet in the primary emulsion. Negatively charged alginate can electrostatically interact with the guanidinium group of NSTX, reducing its escape.
(c) Schematic illustration of NSTX-AlgPLGA-MP. During the secondary emulsion process, calcium ions replace sodium ions in the inner core, cross-
linking the alginate and forming a solidified alginate core within the PLGA shell (schemes created with biorender.com).
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assays consistently demonstrated that neither AlgPLGA-MP nor
NSTX poses cytotoxicity concerns.

NSTX has been found to be unstable during long-term
storage at various low temperatures, in contrast to STX.38 To
determine whether NSTX encapsulated within AlgPLGA-MP
remains stable, an in vitro release experiment was conducted.
While free NSTX degraded over time in the physiological
environment, the sum of the released and retained NSTX
content within AlgPLGA-MP remained consistent with the orig-
inal content (Fig. 4C).

3.5 AlgPLGA-MP released NSTX is bioactive

An induced membrane potential recording – sodium sensitive
in vitro experiment (IMPRESSIVE) assay was developed to

evaluate the bioactivity of released NSTX in sodium channel
blockade (Fig. 4D-i). Neuro-2a neuroblastoma cells, rich in
sodium channels, were selected and treated with bis-oxonol, a
cell-penetrating membrane potential-sensitive dye. Upon intro-
duction of the sodium channel activator veratridine, sodium
ion influx occurs, leading to an increase in the membrane
potential.39–41 To restore homeostasis, bis-oxonol from the
extracellular medium enters the cells, resulting in increased
fluorescence that stabilizes within 10–20 minutes. After intro-
duction of 600 nM NSTX at 30 minutes, a significant decrease
in fluorescence was observed, indicating a reduction in mem-
brane potential consistent with its sodium channel-blocking
activity (Fig. 4D-i–iii).

The IMPRESSIVE assay demonstrated a dose-dependent
response to NSTX (Fig. 4D-iv). Under control conditions,
fluorescence remained at approximately 90% after 18 minutes
(Fig. 4D-iv, black). The addition of 100 nM NSTX reduced
fluorescence to approximately 50% after 18 minutes (Fig. 4D-
iv, orange). At 600 nM, fluorescence decreased to about 20% of
its initial value, indicating a potent sodium channel
blockade (Fig. 4D-iv, blue). When comparing the response of
NSTX released from NSTX-AlgPLGA-MP to that of stock NSTX,
the fluorescence curves were nearly identical (Fig. 4D-iv, red).
This finding confirms that encapsulated NSTX retains its
bioactivity post-release, effectively blocking sodium channels
in vitro.

Fig. 3 Characterization of NSTX-AlgPLGA-MP. (a) Encapsulation efficiency (ee%) of NSTX in AlgPLGA-MP with varying alginate concentrations from
0–3% (w/v). (b) Confocal images of AlgPLGA-MP overlaid on the brightfield background with Alexa Fluor 488 (green) loaded in the alginate core and
Cy7 (blue) in the PLGA layer. (c) Size distribution of AlgPLGA-MP. (d) In vitro cumulative release profiles of NSTX-AlgPLGA-MP formulated with 1%
and 2% alginate in the physiological environment. (e) SEM images of AlgPLGA-MP illustrating the morphology of (i) the representative single particle,
(ii) before release, and particles released for (iii) 1 week, (iv) 2 weeks, (v) 3 weeks, and (vi) 1 month in the physiological environment. Scale bar =
10 μm.

Table 2 Size, zeta potential, encapsulation efficiency (EE%), and
loading capacity (LC‱) of NSTX encapsulated alginate-PLGA micropar-
ticles (NSTX-AlgPLGA-MP) and NSTX encapsulated avidin functionalized
alginate-PLGA microparticles (AvAlgPLGA-MP)

Formulation
Size
(μm)

Zeta potential
(mV) EE% LC‱

NSTX-AlgPLGA-MP 9.9 ±
5.8

−26.4 ± 5.8 89.6 ±
4.3

2.4 ±
0.1

NSTX-AvAlgPLGA-MP 7.6 ±
4.0

20.1 ± 10.4 18.2 ±
1.1

1.9 ±
0.1
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3.6 NSTX-AlgPLGA-MP exhibits pain relief in the PMX mouse
model for almost a week

To further evaluate the efficacy of NSTX-AlgPLGA-MP for pain
relief, formulations were administered as IA injections in
PTOA PMX mice. Both 10 pg and 1 ng free NSTX resulted in
short-term pain relief, which was discernible only at 1.5 h
post-administration. Additionally, the high 1 ng dose led to
undesirable lethargy and other side effects in animals.
Therefore, to facilitate one-time depot delivery of
NSTX-AlgPLGA-MP, a moderate dose of 100 ng was chosen
based on the minimum effective dose and the slowest release
rate of 0.19% per day in the first week of the in vitro release

profile. However, due to limitations in small injectable
volumes in mouse knee joints and aggregation issues arising
from high concentrations of NSTX-AlgPLGA-MP in a 30G
needle, a total of 84 ng of NSTX-encapsulated formulation was
administered via two intra-articular injections—42 ng each on
day 0 and day 2.

Prior to injection, OA-induced knee hyperalgesia resulted in
a withdrawal threshold of 323.7 ± 18.2 g. After injection,
within 30 minutes, the burst release of NSTX significantly alle-
viated pain compared to blank AlgPLGA-MP (Fig. 5A). The
analgesic effect gradually increased the withdrawal threshold,
peaking at 1.5 hours post-injection, but then gradually dimin-
ished. By 24 hours post-injection, the pain relief effect was no

Fig. 4 Cytotoxicity, stability, and bioactivity of AlgPLGA-mp encapsulated NSTX. (a) Neuro-2a cell viability after 24 hour treatment with media,
vehicle supernatant, or stock NSTX, assessed using the MTT assay. (b) Pi-stained images of Neuro-2a cells after 24 hour treatment with 1% DMSO,
10% DMSO, media, vehicle supernatant, stock NSTX, or NSTX-AlgPLGA-MP released NSTX. (c) Stability of free and encapsulated NSTX in the physio-
logical environment over time measured with ELISA. (*p < 0.05 vs. stock NSTX; repeated measures two-way ANOVA with Bonferroni’s multiple com-
parisons test). Data are presented as mean ± SD. (d) Impressive assay: (i) schematic of the steps and the corresponding cell fluorescence intensity
change, (ii) representative fluorescence images of cells treated with veratridine and 100 nm of NSTX, (iii) fluorescence changes value after introdu-
cing veratridine and following replacement of 600 nm of stock NSTX, (iv) fluorescence changes after replacement with media (black), stock NSTX in
100 nm (orange) and 600 nm (red), or NSTX-AlgPLGA-MP released NSTX (blue). The Nav activated cell RFU baseline is indicated by the dotted line.
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longer detectable, as the initial relief was primarily driven by
the burst release of NSTX from AlgPLGA-MP. Similar to the
experiments with free NSTX, this transient effect faded due to
rapid clearance of the released drug from the joint.

However, pain relief re-emerged at 48 hours post-injection,
with a withdrawal threshold of 417.5 ± 18.5 g, significantly
higher than vehicle control groups which landed at 328.3 ±
7.7 g (Fig. 5A). After 2 days, as the PLGA polymer started hydro-
lyzing for bulk release, sustained NSTX release maintained
higher withdrawal thresholds in a level around 400 g through
days 2–6, remaining significantly above vehicle controls.
However, due to progressive particle clearance and the
minimal dosing without accounting for in vivo particle loss,
the slow-release phase beyond day 6 no longer provided
sufficient NSTX to sustain statistically significant pain
reduction, though thresholds remained slightly elevated com-
pared to vehicle-treated mice. This suggests that NSTX deli-
vered via AlgPLGA-MP elicits both immediate pain relief
through an initial burst release and extended relief through
sustained polymer hydrolysis.

Additionally, cartilage pathology in the medial mid-joint
area showed no significant differences between the vehicle
and NSTX-AlgPLGA-MP treated groups (Fig. 5B). This indicates
that NSTX-AlgPLGA-MP does not exacerbate cartilage damage
induced by OA. Given that synovial pathology is closely associ-
ated with OA pain and considering that NSTX-AlgPLGA-MP
provided nearly a week of pain relief in PMX mice, synovitis
pathology was evaluated in the synovial gutters of the mid-
joint region. As shown in Fig. 5B-i, there were no significant
differences in the combined histopathological scores across all
four regions between the blank AlgPLGA-MP and
NSTX-AlgPLGA-MP groups. These findings suggest that
NSTX-AlgPLGA-MP does not increase joint damage or severity.

However, to maintain effective analgesia over longer periods, a
higher dose or delivery systems with longer joint-residence
time may be necessary to compensate for particle clearance
and the declining release rate.23–25

3.7 AvAlgPLGA-MP reversed the surface charge and exhibited
longer joint retention

Avidin was anchored on the surface of AlgPLGA-MP to form
cationic AvAlgPLGA-MP for the purpose of extending the intra-
joint retention time.42–46 While the zeta potential of
AlgPLGA-MP is highly negative, it increased progressively in
proportion to the introduced avidin (Fig. 6C). The introduction
of avidin on the particle surface at a 50% molar ratio relative
to biotin reversed the net negative charge of AlgPLGA-MP to
about +20 mV. This is referred to as AvAlgPLGA-MP (Fig. 6A).
The cationic NSTX-AvAlgPLGA-MP reversed the charge from
−26.4 ± 5.8 to 20.1 ± 10.4 mV with a similar size and loading
capacity (LC‱) compared with NSTX-AlgPLGA-MP (Table 2).
Confocal imaging of AvAlgPLGA-MP indicates that Texas Red-
labeled avidin formed a distinct layer covering AlgPLGA-MP,
indicating the successful surface anchoring of avidin (Fig. 6B).
To rule out nonspecific binding to alginate, particles without
alginate were synthesized and imaged where the representative
Z-stack image illustrated that avidin was localized on the outer
layer (Fig. S3, SI).

Following IA injection in healthy rats with NIR fluorescent
dye Cy7-labeled formulations, AvAlgPLGA-MP with about 5 μM
avidin exhibited higher retention compared to AlgPLGA-MP,
with significantly greater fluorescence observed at 2 weeks
post-injection. After 3 weeks, fluorescence levels in both
groups had dropped with no significant retention difference
(Fig. 6D).

Fig. 5 In vivo pain relief and histopathology of NSTX-AlgPLGA-MP in PMX mice. (a) Analgesic effect in 6-week post-PMX mice treated with
NSTX-AlgPLGA-MP vs. blank AlgPLGA-MP over 11 days. (*p < 0.05 vs. blank AlgPLGA-MP; repeated measures two-way ANOVAwith Bonferroni’s mul-
tiple comparisons test). (b) (i) Synovitis pathological scoring at 2 weeks post injection of NSTX-AlgPLGA-MP or blank AlgPLGA-MP and (ii) representa-
tive histology images (Saf-O/H&E) of medial joints and medial tibial synovitis respectively. Multiple unpaired t-tests corrected with Benjamini–
Krieger–Yekutieli correction, mean ± SD.
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4. Discussion

In this study, we report the first use of NSTX for OA pain relief
through local intra-articular (IA) delivery, together with the
development of an alginate-PLGA microparticle (AlgPLGA-MP)
system for efficient encapsulation and sustained release. OA
pain arises largely from peripheral sensitization driven by
inflammatory mediators within the joint. NSTX provides
potent and reversible inhibition of voltage-gated sodium chan-
nels, particularly Nav1.7—a critical mediator of nociceptive sig-
naling—without inducing long-term toxicity or neuroplastic
changes, even at elevated doses.12,13,15,19,20,47,48 As a site-1
sodium channel blocker, NSTX binds with high affinity at the
outer pore to occlude ion permeation, a blockade that is fully
reversible. Compared to related toxins such as saxitoxin (STX)
and tetrodotoxin (TTX), NSTX demonstrates superior potency
and a more favorable safety profile, including reduced neuro-
nal and cardiac toxicity.18,20 Preclinical and early clinical
studies consistently show no evidence of chronic neurotoxicity
or persistent channel dysfunction.21,22 These features position
NSTX as a particularly compelling candidate for OA pain man-
agement, where safe, localized, and reversible long-term
analgesia is urgently needed. While other sustained delivery
strategies for site-1 sodium channel blockers—including lipo-

somes, supramolecular assemblies, and aptamer-based trap-
ping—have yielded only modest extensions of block duration,
typically limited to hours, our AlgPLGA-MP platform aims to
overcome this barrier and enable durable pain relief.48–52

Our in vivo studies showed that IA injection of free NSTX at
low doses produced only transient pain relief in both DMM
mice and ACLT rats, and even a 100-fold dose increase failed
to extend the duration of effect (Fig. 1C and D). These results
highlight the need for a sustained-release system to maintain
therapeutic levels within the joint and extend the analgesic
benefit. Because IA delivery of NSTX has not been previously
evaluated for OA pain, we tested its efficacy in DMM mice and
ACLT rats. Demonstrating consistent effects across both
models reduces the risk of species-specific artifacts, strength-
ens the evidence for generalizability, and better reflects the
multifaceted nature of clinical OA pain, which involves both
sensory and functional impairments. To address the formu-
lation challenges of delivering a hydrophilic, cationic small
molecule such as NSTX, we developed AlgPLGA-MP microparti-
cles using a water-in-oil-in-water (W/O/W) double emulsion
method.

The use of alginate in the internal aqueous phase improved
encapsulation efficiency by promoting electrostatic inter-
actions between negatively charged alginate and the positively

Fig. 6 Cationic avidin-coated AlgPLGA-MP (AVAlgPLGA-MP) enhances joint retention and therapeutic effect. (a) Schematic illustration of
AvAlgPLGA-mp. (b) Confocal image of AVAlgPLGA-MP showing Alexa Fluor 488 (green) in the alginate core, Cy7 (blue) in the PLGA layer, and avidin-
Texas Red (red) coating on the surface. (c) Surface zeta potential of microparticles at varying biotin-to-avidin ratios. (d) (i) Representative IVIS images
of healthy rat legs injected with the same dose of Cy7 loaded AlgPLGA-MP or AVAlgPLGA-MP over 2 weeks and (ii) their radiant efficiency changes
over 7 weeks (*p < 0.05 vs. AlgPLGA-MP; repeated measures two-way ANOVA with Bonferroni’s multiple comparisons test). Data are presented as
mean ± SD.
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charged guanidinium groups of NSTX.37,53 Calcium-mediated
crosslinking further stabilized the alginate to form a solidified
core, reducing initial burst release and improving drug reten-
tion. Encapsulation efficiency peaked at 2% (w/v) alginate,
whereas beyond this concentration, high viscosity impaired
emulsification efficiency (Fig. 3A). This highlights the impor-
tance of balancing electrostatic interactions and formulation
rheology to optimize loading of charged hydrophilic
molecules.

The resulting NSTX-AlgPLGA-MP formulation exhibited sus-
tained in vitro release for over a month and preserved the
chemical stability and sodium channel–blocking activity of
NSTX. We developed the IMPRESSIVE assay—a fluorescence-
based platform for assessing sodium channel inhibition—
using Neuro-2a neuroblastoma cells, a sodium channel rich
cell line well established in the literature as a sensitive and
reproducible system for detecting sodium channel blockade.
The assay demonstrated dose-dependent, reversible inhibition,
confirming that NSTX retained its bioactivity after encapsula-
tion and remained non-cytotoxic (Fig. 4D and Video S1, SI). In
vivo, a single IA injection of NSTX-AlgPLGA-MP in a chronic
OA mouse model resulted in significant pain relief for approxi-
mately one week, with elevated withdrawal thresholds observed
through day 11 (Fig. 5A). An early peak in analgesia at
1.5 hours post-injection mirrored that of the free drug, indicat-
ing a small initial burst. The decline in efficacy beyond one
week, despite a sustained in vitro release profile, suggests that
clearance of microparticles from the joint likely contributes to
reduced local drug concentration over time.

Many joint tissues, particularly cartilage, possess a high
fixed negative charge density.24 As a result, negatively charged
particles are repelled by the matrix, remain suspended in syno-
vial fluid, and undergo rapid clearance—a process further
accelerated in inflamed joints where increased drainage and
lymphatic flow limit drug bioavailability.23,25,54,55 To overcome
this barrier, we engineered AlgPLGA-MP with a cationic
surface coating by conjugating avidin (AvAlgPLGA-MP). Avidin,
a positively charged protein, enhances binding to glycosami-
noglycans and other anionic ECM components, thereby pro-
moting matrix attachment and prolonging intra-articular
retention.44,46,56 Electrostatic interactions of this kind are a
well-established strategy for reducing particle clearance and
extending joint residence time.57–59 In our formulation, avidin
was conjugated post-fabrication using DSPE-PEG-biotin incor-
porated during the second emulsion step.46,59–61

This surface modification reversed the net zeta potential of
the particles from −26.4 ± 5.8 mV to +20.1 ± 10.4 mV at a 50%
molar avidin-to-biotin ratio (Fig. 6C and Table 2). The positive
surface charge facilitated electrostatic binding to negatively
charged extracellular matrix components in the synovial fluid,
such as hyaluronic acid (HA) and glycosaminoglycans
(GAGs).23,57,62–65 As a result, AvAlgPLGA-MP exhibited signifi-
cantly enhanced joint residence time—retaining the intra-
articular fluorescence signal for up to two weeks, as confirmed
by IVIS imaging (Fig. 6D). The delayed increase in fluorescence
intensity likely reflects a gradual release of encapsulated Cy7

dye, aided by aggregation-caused quenching (ACQ), which
allowed for visualization of retained particles rather than free
dye.66,67 Despite improved retention, avidin modification
reduced NSTX encapsulation, with up to 80% drug loss
observed during DSPE-PEG-biotin incorporation and avidin
conjugation steps (Fig. S4, SI). The reduced encapsulation
efficiency (EE%) observed with AvAlgPLGA-MP is primarily
attributable to the PEG moieties in DSPE-PEG-biotin. Because
NSTX is a small, highly hydrophilic molecule, it readily par-
titions into hydrophilic PEG domains during formulation,
resulting in drug loss. Similar effects have been reported in
other systems: blending PEG-PLGA with PLGA lowered small-
molecule encapsulation, and PEGylated PLGA microspheres
loaded with 5-fluorouracil exhibited faster release and reduced
EE%.68,69 Compounding this issue, the organic solvent used in
our formulation (DCM) has minimal solubility for NSTX; thus,
once NSTX diffuses into PEG domains, inefficient recapture in
the organic phase exacerbates drug loss.38 Even after increas-
ing the initial NSTX input, the encapsulated drug content
remained slightly lower (Table 2). PEG-containing micro-
spheres also tend to be more porous and absorb more water,
further accelerating the release profile and lowering EE%.70

Together with in vivo clearance, these factors raise concerns
about whether sufficient intra-articular doses could be reliably
achieved for meaningful analgesic studies. To offset this limit-
ation, additional strategies—such as employing less hydro-
philic linkers (e.g., palmitic acid–avidin conjugates)—should
be employed in the future to further improve loading
efficiency and reduce manufacturing losses (Table 2).71

Importantly, we found no safety concerns with the use of
cationic avidin for joint delivery. The dose of avidin used in
our AvAlgPLGA-MP formulation in rats is 5 μM, which is sig-
nificantly lower than the concentrations tested in our previous
studies (up to 100 μM), where we observed no adverse effects
on cartilage.43,45,72 Specifically, we saw no change in GAG loss,
chondrocyte viability, or biosynthesis rates of proteins and
GAGs. Additionally, no immunogenic response was noted with
100 μM or lower dose in rats or rabbits.43,45,56,73

Histopathological analyses of cartilage and synovium following
AvAlgPLGA-MP injection further confirmed joint tissue bio-
compatibility in this study. Avidin has also been evaluated in
human clinical trials. In a prospective Phase III substudy, a
30 minute intravenous infusion of 100 mg avidin was found to
be well tolerated and safe in patients receiving biotinylated
drugs for deep vein thrombosis.74 Prior Phase I studies invol-
ving single or repeated intravenous doses of 25–100 mg avidin
reported only a low incidence of asymptomatic antibody
responses, with no cases of hypersensitivity.75 These clinical
findings further support the safety and translational potential
of avidin as a surface modifier for intra-articular drug delivery.

Sustained-release intra-articular formulations are emerging
as an important strategy in OA management, since most
current therapies provide only short-term relief and require
repeated injections. By maintaining therapeutic levels locally
for about a week, our NSTX-loaded formulation offers mean-
ingful extension of analgesic benefit compared with free drug
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delivery. Such approaches can improve patient compliance,
reduce injection burden, and minimize systemic exposure. The
recent clinical success of Zilretta—an extended-release triamci-
nolone acetonide product formulated in PLGA microspheres—
demonstrates the translational potential of sustained intra-
articular delivery systems and has paved the way for similar
PLGA-based platforms to enter the market.76,77 These advances
underscore the opportunity to leverage sustained-release
technologies for safer, localized, and more effective long-term
pain management in OA.

At the same time, it is critical to recognize that while sus-
tained-release analgesics like NSTX may provide prolonged
pain relief, they do not directly modify the underlying disease.
This raises the possibility that effective symptom control, if
uncoupled from structural protection, could encourage joint
overuse and accelerate OA progression. A similar concern has
been documented in clinical trials of anti-NGF antibody thera-
pies, where profound analgesia without disease modification
was linked to cases of rapidly progressive OA (RPOA), particu-
larly at higher doses or when combined with NSAIDs.78 These
observations highlight the importance of pairing effective pain
relief with strategies that preserve joint integrity. Looking
ahead, the most promising therapeutic paradigm will likely
emphasize combinatorial approaches that integrate analgesia
with disease-modifying interventions. Within this framework,
transient and reversible sodium channel blockade is especially
attractive, as it provides robust pain relief without inducing
permanent neuronal alterations that could complicate long-
term treatment.

In conclusion, this study demonstrates that NSTX is a
potent analgesic for OA-associated pain but is limited by rapid
joint clearance and short therapeutic duration when delivered
as a free drug. Encapsulation in AlgPLGA-MP substantially
extended pain relief to one week, while avidin surface modifi-
cation further prolonged joint residence time and holds
promise for extending analgesic duration even further. Future
work will focus on optimizing the AvAlgPLGA-MP formulation
to minimize aggregation and improve drug loading efficiency
to enable effective, single dose administration essential for
clinical use. Given its modular nature, this platform is also
adaptable for co-delivery of OA biologics and small-molecule
analgesics, offering a promising strategy for combination
therapies that address both symptom relief and joint
regeneration.
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