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Abstract
Purpose  Lidocaine microspheres can prolong the analgesic time to 24–48 h, which still cannot meet the need of postop-
erative analgesia lasting more than 3 days. Therefore, we added Fe3O4 to the lidocaine microspheres and used an applied 
magnetic field to attract Fe3O4 to fix the microspheres around the target nerves, reducing the diffusion of magnetic lidocaine 
microspheres to the surrounding tissues and prolonging the analgesic time.
Methods  Fe3O4–lidocaine–PLGA microspheres were prepared by the complex-emulsion volatilization method to charac-
terize and study the release properties in vitro. The neural anchoring properties and in vivo morphology of the drug were 
obtained by magnetic resonance imaging. The nerve blocking effect and analgesic effect of magnetic lidocaine microspheres 
were evaluated by animal experiments.
Results  The mean diameter of magnetically responsive lidocaine microspheres: 9.04 ± 3.23 μm. The encapsulation and drug 
loading of the microspheres were 46.18 ± 3.26% and 6.02 ± 1.87%, respectively. Magnetic resonance imaging showed good 
imaging of Fe3O4–Lidocain–PLGA microspheres, a drug-carrying model that slowed down the diffusion of the microspheres 
in the presence of an applied magnetic field. Animal experiments demonstrated that this preparation had a significantly 
prolonged nerve block, analgesic effect, and a nerve anchoring function.
Conclusion  Magnetically responsive lidocaine microspheres can prolong analgesia by slowly releasing lidocaine, which can 
be immobilized around the nerve by a magnetic field on the body surface, avoiding premature diffusion of the microspheres 
to surrounding tissues and improving drug targeting.

Keywords  Magnetic attraction · Superparamagnetic iron oxide nanoparticles · Local anesthetics · Slow-release · Long-
action analgesia

Abbreviations
PLGA	� Poly (lactic-co-glycolic acid)
PVA	� Polyvinyl alcohol
DCM	� Dichloromethane
PBS	� Phosphate-buffered saline
SEM	� Scanning electron microscopy
TEM	� Transmission electron microscopy
UV	� Ultraviolet

CTMR	� Cutaneous trunk reflex
MRI	� Magnetic resonance imaging

Introduction

To accommodate the long-duration postoperative analge-
sia period, which usually requires continuous use of local 
anesthetics for at least 48–72 h, the duration of action of 
local anesthetics needs to be prolonged as much as pos-
sible [1]. This can be achieved via methods, such as addi-
tion of adjuvants, nerve catheter placement, and repeated 
blocks, but each of these methods has its own disadvan-
tages. A new approach to improve the duration of action 
of local anesthetics is to add a casing or carrier to the local 
anesthetic to achieve a slow or on-demand release effect 
and prolong the duration of continuous analgesia. This 
method of drug delivery first emerged in targeted therapy 
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for oncology and is called a novel drug delivery system 
[2–4]. The advantage of novel drug delivery systems is 
their ability to reduce drug accumulation and which extend 
the time a drug is active in the body [5–8].

Many studies have employed Poly lactic-polyglycolic 
acid (PLGA) loading of drugs to achieve slow release [9]. 
PLGA microspheres release the drug by two mechanisms 
[10]: diffusion and degradation. Diffusion is the disso-
lution of the drug and diffusion of the solution into the 
microspheres through the microsphere voids, which is 
the main mode of sustained release of the microspheres. 
Degradation is the release of the drug along with the dis-
solution of the PLGA shell. Unlike other studies that have 
combined PLGA with lidocaine to prolong the duration 
of analgesic action [11]. The present study used magnetic 
microspheres loaded with local anesthetic and attached a 
specific magnetic field strength to the nerve body projec-
tion to anchor the microspheres around the nerve and avoid 
premature diffusion of the microspheres into the surround-
ing tissue, resulting in decreased analgesia time.

In recent years, scholars have conducted a series of 
studies on local anesthetic retardants, but these stud-
ies did not address the free diffusion of local anesthetic 
microsphere retardants after local injection. This study 
designed, prepared, and characterized magnetically 
responsive lidocaine microspheres in order to address the 
problem of diffusion of local anesthetic microsphere for-
mulations into surrounding tissues. In addition, we used 
magnetic resonance imaging (MRI) to study the anchor-
ing effect of magnetic lidocaine microspheres on nerves. 
Animal experiments were used to study the nerve blocking 
effect and sustained analgesic time of magnetic lidocaine 
microspheres.

Methods

Reagents and materials

Nano-iron oxide (Fe3O4) was purchased from the Aladdin 
Biochemical Technology Co. (Shanghai, China). Lido-
caine hydrochloride was purchased from McLean Bio-
chemical Technology Co. (Shanghai, China). Polylactic 
acid (PLGA; 50:50, MW 500–15,000) polymers were pur-
chased from Dagang Biological Engineering Co. (Jinan, 
China). Gelatin was purchased from Sigma–Aldrich 
(Germany).

Polyvinyl alcohol (PVA) was purchased from Kearon 
Chemicals Co. (Chengdu, China). Dichloromethane (DCM) 
was purchased from the Kelong chemical reagent factory 
(Chengdu, China). The laboratory provided 25% urethane 
injection, deionized water, and 0.9% physiological saline.

Synthesis of Fe3O4–lidocaine–PLGA and blank 
microspheres

Fe3O4–lidocaine–PLGA microspheres were prepared using a 
W1/O/W2 emulsifying-solvent evaporation technique. First, 
0.25 g of gelatin was weighed and dissolved in 25 mL deion-
ized water and stirred at a constant temperature of 50 ℃ for 
10 min to fully dissolve. Next, 0.1 g of Fe3O4 nanoparticles 
were weighed into 2 mL 1% gelatin and ultrasonicated for 
10 min. Furthermore, lidocaine (0.1 g) was weighed and 
dissolved in 2 mL deionized water to form a 5% lidocaine 
solution, and 2 mL Fe3O4-1% gelatin was added to form 
the internal aqueous phase, W1. Further, 0.4 g of PLGA 
was weighed and dissolved in 8 mL DCM to form the oil 
phase, O. The internal aqueous phase, W1 was pipetted into 
the oil phase, O at a controlled drop rate of 40 drops/min. 
Next, the internal aqueous phase, W1 was slowly added to 
the oil phase, O with a pipette gun at a rate of 40 drops/min 
and dispersed for 5 min using a high-speed homogenizer at 
8000 rpm to form stable colostrum, W1/O. In addition, PVA 
(1.5 g) was weighed and dissolved in 50 mL deionized water 
with stirring at a constant temperature of 90 °C for 40 min 
to fully dissolve and left for 1 h to eliminate foam and was 
configured as the external aqueous phase, W2. Under stirring 
at 800 rpm, colostrum was added dropwise into the external 
aqueous phase, W2, and dispersed at 8000 rpm for 5 min in a 
high-speed homogenizer to form the stable milk compound, 
W1/O/W2. The mixture was stirred at room temperature to 
evaporate the organic solvent completely. The mixture was 
centrifuged at 3000 rpm/min (4 °C) for 5 min, centrifuga-
tion radius = 15 cm, washed three times, and lyophilized to 
obtain a brown powder (Fig. 1). Blank microspheres were 
prepared by simply replacing 2 mL of 5% lidocaine solution 
with 2 mL of deionized water to obtain blank microspheres.

Fig. 1   Schematic diagram of the preparation process of Fe3O4–lido-
caine–PLGA microspheres. PLGA, poly(lactic-co-glycolic acid). By 
Figdraw
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Characterization of Fe3O4–lidocaine–PLGA 
microspheres

An appropriate amount of microsphere powder was added 
to deionized water and ultrasonically dispersed before 
measurement. The particle morphology was characterized 
using transmission electron microscopy (TEM, FEi-F20, 
Fei Co., USA) and scanning electron microscopy (SEM, 
SU5000, Hitachi Co., Tokyo). The magnetic response 
parameters of the microspheres under magnetic fields 
were measured using a vibrating sample magnetometer 
(VSM, Lakeshore-7404, Lake Shore Co., USA) to obtain 
the hysteresis curves.

In vitro drug release study

Establishment of the standard curve for lidocaine 
hydrochloride

Lidocaine hydrochloride (10 mg) was dissolved in phos-
phate buffered saline (PBS) solution to achieve a con-
centration of 1 mg/mL lidocaine hydrochloride solution. 
Lidocaine hydrochloride was diluted into 5, 10, 20, 40, and 
80 μg/mL solutions, and the absorbance values at 263 nm 
were measured by ultraviolet (UV)-visible spectrophotom-
eter to plot the standard curve of lidocaine hydrochloride 
concentration (C)-absorbance value (A).

In vitro release profile of Fe3O4–lidocaine–PLGA 
microspheres

In this analysis, 30 mg of lidocaine–Fe3O4–PLGA nano 
microspheres were weighed precisely and placed in a cen-
trifuge tube containing 30 mL of PBS solution (pH 7.4). 
The solution was classified into a magnetic field group and 
a non-magnetic field group, and a 120 mT static magnetic 
field was applied outside the magnetic field group. The 
centrifuge tubes of both groups were placed on a constant 
temperature water bath shaker at 37 °C with an oscillation 
frequency of 100 times/min. The supernatant (2 mL) was 
collected at 0.5, 1, 2, 4, 8, 12, 24, 48, and 60 h, respec-
tively, and the absorbance was measured at 263 nm using a 
UV spectrophotometer. Next, 2 mL of PBS was added, and 
the concentration of lidocaine hydrochloride was calcu-
lated according to its standard curve at the corresponding 
time. The concentration of lidocaine at the corresponding 
time was calculated according to the standard curve of 
lidocaine hydrochloride. The cumulative amount of drug 
released at each time point was measured, and the in vitro 
release curve was plotted.

Drug loading and encapsulation rate

In this study, 10 mg of Fe3O4–lidocaine–PLGA was precisely 
weighed in a volumetric flask, and 5 mL of DCM was added 
to dissolve and impair the microspheres. Deionized water was 
added and centrifuged to remove the shell and Fe3O4, and the 
volume was fixed. The absorbance was measured at 263 nm 
using a UV–visible spectrophotometer, and the mass of lido-
caine hydrochloride in the solution was calculated using the 
equation for the standard curve of lidocaine hydrochloride. 
The drug-loading and encapsulation rates of lidocaine hydro-
chloride were calculated using Eqs. (1) and (2):

Animals

Specific pathogen-free New Zealand rabbits (3000–3500 g; 24 
males) were provided by the animal experiment center at the 
West China Hospital of Sichuan University. The rabbits were 
5–6 months old and routinely kept at an indoor temperature 
with unlimited access to food and water. Specific pathogen-
free male Sprague–Dawley rats (250–300 g) were purchased 
from Dossy Experimental Animal Co., LTD (CN). The rats 
were housed under the same conditions, which also entailed 
room temperatures of 24 °C, relative humidity controlled 
at 50%, and a cycle of 12 h of darkness and 12 h of light. 
The sample size calculation was carried out by the program 
GLIMMPSE 3.1.0, and sample size calculation of repeated 
measures was carried out by program, which was introduced 
by Guo et al. [12]. The peripheral nerve block experiment is 
taken as an example: after opening the program, corresponding 
parameters according to the page guidelines and experimental 
design requirements were filled. When the type I error rate 
(α) was 0.01, the total sample size calculated was 20 rabbits 
divided into 4 groups (n = 5). The Institutional Animal Care 
and Use Committee approved all animal study protocols at the 
West China Hospital of Sichuan University (ethical approval 
number: 20230307006).

Peripheral nerve block and analgesia 
experiment

Establishing the sciatic nerve model

Rabbits received an intravenous injection of 25% uratan 
(5 mL/kg) into their ear margins until their corneal reflexes 

(1)LE% =
We

Wm

× 100%

(2)EN% =
1 − Cf

Ct

× 100%
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disappeared. Each rabbit was placed in the lateral position, 
the limbs were fixed, the hair of the left lower limb and 
buttocks were removed, the projection of the sciatic nerve 
of the left lower limb was taken, and a 3.5 cm long incision 
was made along the midline. The muscles were dissected 
at the sciatic fossa, and the sciatic nerve was located. A 
glass needle was used to gradually dissect the nerve down-
ward to fully expose the nerve. Two sets of stimulation 
electrodes (one set of blue wires and one set of pink wires) 
were wrapped around the nerve at 1–1.5 cm, and extreme 
caution was exercised during the installation of the stimu-
lation electrodes to avoid damage to the nerve. Moreover, 
the stimulation electrodes needed to be properly secured to 
avoid the groups of wires coming into contact and causing a 
short circuit. After installing the electrodes, the head end of 
the catheter was placed at the sciatic nerve. The tail end of 
the catheter was assembled with a heparin cap and properly 
secured, and then the catheter was sealed by injecting 0.9% 
saline into the catheter with a syringe for each group of rab-
bits (Fig. S1). The tissues and incisions were sutured layer-
by-layer, and the wound was covered with gauze. Upon the 
return of corneal reflexes of the rabbits, muscle tone recov-
ery of the lower limbs on the operated side was observed, 
and the rabbits were subsequently returned to the cage for 
rearing (two/cage). All rabbits were fed ad libitum. Criteria 
for successful preparation of the sciatic nerve model were: 
the electrical activity signal of the nerve was detected by 
stimulating the electrode fixed in the lower limb using the 
BL-420i biosignal processing system, and the muscle pulsa-
tion of the rabbit’s lower limb was also visible.

In vivo morphology of magnetic lidocaine 
microspheres in rabbits

Nano-Fe3O4 with superparamagnetic properties is a good 
MRI contrast agent [13]. We used MRI to obtain in vivo 
images of magnetic lidocaine microspheres based on this 
property. Four New Zealand rabbits were selected and 
divided into four groups, one in each group. Images of each 
of the four rabbits with two sets of stimulation electrodes 
and drug injection catheters were obtained according to the 
“Establishment of sciatic nerve model” method.

(1) Magnetic lidocaine microspheres group (PL group): 
2 g of Fe3O4–Lidocaine–PLGA microspheres were dispersed 
in 2 mL of 0.9% saline, injected into the catheter, and the 
magnet was fixed to the lower limb on the surgical side of 
the rabbit. The magnet was temporarily removed for MRI. 
(2) Lidocaine–PLGA microspheres group (PNM group): 
2 g Fe3O4–Lidocaine–PLGA microspheres were dispersed 
with 2 mL of 0.9% saline, injected through the catheter, and 
no magnet was set. (3) Lidocaine group (L group): 2 mL 
of Lidocaine containing the same content as that in the PL 
group was injected through the catheter and the magnet 

was set in the same way as in the PL group. (4) Blank 
microsphere group (BM group): 2 g of blank microspheres 
(Fe3O4–PLGA microspheres) were dispersed in 2 mL of 
0.9% saline, injected via catheter, and the magnet was set in 
the same way as the PL group.

MRI pictures of groups PL, PNM, and BM were taken 2 
and 8 h after drug administration, respectively. Considering 
the action time of lidocaine, MRI pictures of the L group 
were taken 15 min and 2 h after administration, respectively.

Evaluation of nerve block efficacy and lower limb 
movement

The experimental animals were divided into four groups of 
five animals each using the random number table method. 
Each group was treated as follows: (1) magnetic lidocaine 
microsphere group (PL group): 2 mL of saline was used 
to disperse 2 g of magnetic lidocaine microsphere powder, 
injected via catheter, and a magnet was properly fixed on the 
lower limb of the surgical side of the rabbit (Magnetic elastic 
bandages are shown in Fig. S1D); the static magnetic field 
was 120 mT, and the magnet was withdrawn after 60 h. (2) 
Lidocaine–PLGA group (PNM group): 2 g of Fe3O4–lido-
caine–PLGA microspheres were solubilized in 2 mL of 
saline and injected through a catheter without the magnet 
settings. Each gram of microspheres contained 0.0602 g of 
lidocaine. (3) Physiological saline control group (C group): 
2 mL of 0.9% physiological saline injected via catheter, and 
the magnet was set as before. (4) Blank microsphere group 
(BM group): 2 g of blank microspheres were dispersed in 
2 mL of 0.9% physiological saline, injected via catheter, and 
the magnet was set as before.

The complex action potentials and conduction velocities 
of the sciatic nerve trunk were measured before (T0) and 
30 min (T1), 2 h (T2), 8 h (T3), 16 h (T4), 24 h (T5), 48 h (T6), 
60 h (T7), 62 h (T8), and 64 h (T9) after drug injection and 
toe tension, then the modified Tarlov score were calculated 
[14]. The time difference between two successive electrical 
signals recorded at each time node was used to calculate 
the nerve conduction velocity. Furthermore, lower-extremity 
movements were assessed simultaneously. The toe opening 
reflex was scored as follows: the author pinched the skin of 
the rabbit’s neck, lifted it off the ground, quickly lowered it 
but did not let it hit the ground, and observed the toe opening 
on the affected side. If the toe opening was not visible at all, 
a score of 1 was recorded; if only a mild toe opening was vis-
ible, a score of 2 was recorded; if the toe opening was clearly 
visible but the magnitude was still below normal, a score 
of 3 was recorded; and if the toe opening was completely 
normal, a score of 4 was recorded. In addition, the modified 
Tarlov score was combined with the following scoring meth-
ods and criteria: rabbits were placed on a manipulative table, 
and their reactions were observed by needling the ankles 
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with acupuncture needles. They were then placed on a spa-
cious laboratory floor and allowed to walk freely to observe 
their gait. The scoring criteria were as follows: (0) complete 
inability to move the limb and no response to acupuncture; 
(1) slight response visible after acupuncture; (2) voluntary 
movement of all joints and no resistance when the foot was 
passively flexed; (3) obvious resistance when the foot was 
passively flexed, but the walking gait was unstable; and (4) 
normal walking gait.

Assessment of analgesic efficacy

Mechanical stimulus test

The cutaneous trunk reflex (CTMR) model [15, 16] is 
an established model for evaluation of cutaneous anal-
gesic effects. Eighteen rats were randomly divided into 
three groups (n = 6): the 0.9% saline group (S1 group); 
Fe3O4–Lidocaine–PLGA containing 6% lidocaine (including 
the M1 group, with an applied magnetic field; and the NM1 
group, without an applied magnetic field). The hair on the 
thoracolumbar segment and back of the rats in each group 
was removed, and each group was injected subcutaneously 
with 0.5 mL of the corresponding drug to form a uniformly 
sized wind cluster at the injection site. This edge was marked 
with a marker. An elastic bandage was used and a magnet 
was secured to the administration site on the back of the rat 
(the magnetic elastic bandage is similar to this secured to 
the rabbit). The skin trunk reflex was assessed by pinprick 
response using a 26-ga needle at 0 min, 30 min, 2, 4, 8, 
16, 24, 36, 48, 60, 62, and 64 h after injection. Six equal-
intensity pinprick stimuli were randomly applied inside the 
wind mass, the number of times a CTMR response could 
be observed was recorded, and the number of times the 
CTMR reaction was not energized into the inhibition rate 
(IR%). Calculation formula: IR% = (1 − number of CTMR 
responses/6) × 100%.

Hot plate test

The RB-200 intelligent hot plate instrument was used to 
thermally stimulate the rats. The rats were placed on the 
glass cover of the instrument, which was set at 55 ± 0.5 °C. 
Licking the hindfoot or lifting the foot was used as the pain 
response indicator. Inclusion criteria were pain thresholds of 
5–30 s. Rats were screened one day in advance, and the pain 
threshold of each rat was measured and recorded. Twenty-
one rats were randomly divided into three groups (n = 7), 
including the 0.9% saline group (S2 group) and Fe3O4–Lido-
caine–PLGA containing 6% of lidocaine (including the M2 
group, with an applied magnetic field; and the NM2 group, 
without an applied magnetic field). The rats were injected 
with 0.2 mL of the corresponding drugs at the sole of the 

right hind foot, and the groups were marked with different 
color markers. Immediately after the injection of the drug, 
the rats were returned to their cages and allowed to eat and 
drink freely. The group with the magnetic field removed the 
bedding and placed magnets with a thickness of 10 mm flat 
on the bottom of the rat cages. When the rat moves, the sole 
of the rear foot will always be in contact with the magnets. 
The maximum thermal stimulation time was 60 s to avoid 
burning the animals. The pain thresholds of the rats in each 
group were measured at 30 min, 2, 4, 8, 16, 24, 48, 60, 62, 
and 64 h after the administration of the drugs.

Statistical analysis

The experimental results were expressed as mean ± standard 
deviation, and P < 0.05 was considered statistically signifi-
cant. Between-group comparisons of multiple data sets were 
made using Repeated Measures ANOVA and Tukey’s test. 
All in vivo experimental data were analyzed using GraphPad 
Prism (version 9.1.0, GraphPad Software, San Diego, CA, 
USA).

Results

Characterization of Fe3O4–lidocaine–PLGA

Fe3O4–lidocaine–PLGA was prepared using the compound-
emulsion volatilization method; it appeared as a brown pow-
der to the naked eye (Fig. 2C1). The morphology and inter-
nal structure of the microspheres were observed by SEM and 
TEM. The results showed that the average particle size of 
Fe3O4–lidocaine–PLGA microspheres was 9.04 ± 3.23 μm 
(Sample number = 5), and the iron tetroxide nanoparticles 
and drugs wrapped under the PLGA shell were visible 
(Fig. 2A).

Verification of superparamagnetism

As shown in Fig.  2B, the magnetic hysteresis lines of 
Fe3O4–lidocaine–PLGA microspheres were S-shaped with 
a saturation magnetization intensity of 0.9–1.0 emu/g at 
room temperature. When the additional magnetic field was 
removed, the hysteresis return line passed through the point 
(0, 0), and the magnetic field intensity was 0. These results 
suggested that the coercivity of the Fe3O4–lidocaine–PLGA 
microspheres was equal to the residual magnetization inten-
sity, both of which were zero, and no hysteresis occurred. 
Therefore, the Fe3O4–lidocaine–PLGA microspheres were 
superparamagnetic. In addition, magnetic lidocaine micro-
spheres could be attracted to magnets and swim (Fig. 2C2).
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Sustained release of lidocaine in vitro

Figure  3B shows the in  vitro release profile of the 
Fe3O4–lidocaine–PLGA microspheres. After 60 h, cumula-
tive lidocaine hydrochloride release was 97 ± 1.97%. The 
concentration (C) − absorbance (A) standard curve of the 
lidocaine hydrochloride solution (Fig. 3A) was converted to 
show that the encapsulation rate of Fe3O4–lidocaine–PLGA 
microspheres was 46.18 ± 3.26%, and drug loading was 
6.02 ± 1.87% (Sample number = 5). The results were simi-
lar to the encapsulation rate in the Wang et al. study [17].

In vivo morphology of magnetic lidocaine 
microspheres in rabbits

As shown in Fig. 4, no significant diffusion was shown in the 
PL and BM groups at 2 and 8 h after administration. While 

the PNM group was slightly diffused 2 h after administra-
tion, more obvious diffusion was apparent 8 h after admin-
istration. The L group displayed more obvious diffusion 
15 min and 2 h after administration.

Time regularity of nerve block in the peripheral 
nerve model

Nerve action potential and nerve conduction velocity

As shown in Fig. 5, sciatic nerve action potential amplitude 
and nerve conduction velocity decreased in the PL group 
from 30 min to 62 h after drug administration compared 
with the BM and C groups (P < 0.05). We also observed 
that the sciatic nerve action potential amplitude and nerve 
conduction velocity in the PNM group were essentially par-
allel to the results in the PL group from 30 min to 2 h after 

Fig. 2   SEM and TEM characterization and magnetic verification 
of lidocaine microspheres a Magnetic lidocaine microspheres as 
observed on SEM at ×1000, ×5000, and ×10,000 TEM. b Hysteresis 
lines of magnetic lidocaine microspheres. c Naked-eye view of mag-

netic lidocaine microsphere powder, and its swimming motion under 
the attraction of a magnet. SEM scanning electron microscopy, TEM 
transmission electron microscopy

Fig. 3   In vitro release assay. 
a Concentration–absorbance 
standard curve of lidocaine 
hydrochloride solution. b 
In vitro release curve of mag-
netic lidocaine microspheres
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drug administration. However, from the 8 h, the nerve action 
potential and conduction velocity of the sciatic nerve in the 
PL group were lower than those in the PNM group. At 48 h, 
the nerve action potentials and conduction velocity of the 
sciatic nerve in the PNM group were close to those in the C 
and BM group. In contrast, the nerve block effect in the PL 
group lasted up to 62 h, which was different from that in the 
PNM group (P < 0.05), which may suggest that magnetic 
lidocaine microspheres can be anchored around the nerve by 
a magnetic field to reduce diffusion, thus exhibiting a longer 
duration of nerve block effect.

Toe tension reflex score and modified Tarlov score

As shown in Fig. 6, the toe-tension reflex score and modi-
fied Tarlov score of the BM and C groups were maintained 
at about 4 before and after drug administration. However, 
toe-tension reflex and modified Tarlov scores were lower 

in the PL group than in the BM and C groups 30 min–62 h 
after drug administration (P < 0.05). We also observed that 
from 30 min to 2 h after drug administration, the toe-tension 
reflex and modified Tarlov scores of the PNM group were 
essentially parallel to those of the PL group. However, from 
8 h, the toe-tension reflex and modified Tarlov score of the 
PNM group began to rise gradually. After 48 h, the PNM 
group was functionally parallel to the results of the BM and 
C groups. These results suggest that magnetic lidocaine 
microspheres may be able to produce a nerve block for a 
longer duration.

Assessment of analgesic efficacy

Mechanical stimulus test

The results of CTRM inhibition in each group are shown in 
Table 1. As shown in Fig. S2, at 30 min the magnetically 

Fig. 4   Magnetic resonance imaging (MRI) of the distribution of each 
group of drugs injected into rabbits’ periphery of the sciatic nerve. 
In each group of rabbits, a sagittal incision was made at the sciatic 
fossa of the right lower limb, and a drug delivery catheter injected the 
drug around the sciatic nerve. Refer to PL group-2 h for the legend 
of the site of administration and type of incision. a–c MRI of the PL 

group in rabbits at 2 h; d–f MRI of the PL group in rabbits at 8 h; g–i 
Magnetic resonance imaging of the PNM group in rabbits at 2 h; j–l 
MRI of the PNM group in rabbits at 8 h; m–o MRI of the BM group 
in rabbits at 2 h; p–r MRI of the BM group in rabbits at 8 h; s–u MRI 
of the L group in rabbits at 15 min; v–x MRI of the L group in rabbits 
at 2 h
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responsive lidocaine microspheres completely inhibited the 
cutaneous trunk reflex with or without the action of a periph-
eral magnetic field. Magnetic lidocaine without the action 
of a peripheral magnetic field began to decline at 4 h, and 
the inhibition rate was already below 50% at 24 h, with the 
effect almost completely disappearing after 48 h. In contrast, 
magnetic lidocaine with a peripheral magnetic field began to 
start a slow decline after 4 h and still had a 72.22% inhibi-
tion rate by 24 h. The recorded inhibition effect lasted until 
60 h when it was still 22.22%. These results indicate that 
magnetic lidocaine microspheres can prolong skin analgesia 
to some extent due to magnetic attraction in the presence of 
a peripheral magnetic field.

Hot plate test

The pain threshold of each rat was measured before admin-
istration. The mean baseline values for the three groups of 
rats were 10.14 ± 1.07, 10.00 ± 1.16, and 10.29 ± 0.96 s, 
respectively. The results for basal pain thresholds were simi-
lar to those of Malpezzi-Marinho ELA et al. [18] As shown 
in Fig. S3, magnetic lidocaine microspheres with or with-
out magnetic field effect significantly relieved acute pain 
induced by thermal stimulation in rats from 30 min to 4 h 

after administration (P < 0.0001). After 8 h, the magnetic 
lidocaine microspheres without a magnetic field began to 
reduce the acute pain relief, and the degree of relief was 
significantly different from that of the M2 group (P < 0.05). 
The M2 group was still able to experience acute pain relief 
from pain caused by thermal stimulation to a certain extent 
at 64 h (P < 0.05). However, there was no statistical differ-
ence between the NM2 group and the control group at the 
48 h (P > 0.05). This suggests that the time available to 
relieve acute pain induced by thermal stimulation was pro-
longed to some extent by magnetic lidocaine microspheres 
under the effect of the magnetic field.

Discussion

Magnetic lidocaine microspheres were prepared by the com-
plex-emulsion volatilization method, and the feasibility was 
verified by characterization, verification of superparamag-
netism verification, and in vitro release tests. The micro-
spheres exhibited a single-particle, monodisperse spheri-
cal shape with an average particle size of 9.04 ± 3.23 μm 
under SEM, meeting the criteria for micron-sized injectable 
pharmaceutical formulations. The shell formed by PLGA 

Fig. 5   The blocking effects of PL, PNM, C, and BM groups on the 
rabbit sciatic nerve. a Trends of sciatic nerve action potential ampli-
tude at each time point in each group. b Trends of sciatic nerve con-
duction velocity at each time point in each group. c Box diagram of 
action potential amplitude for each group. d Box plots of nerve con-
duction velocity for each group. c, d Comparison of action potential 

amplitude and nerve conduction velocity of the sciatic nerve at each 
time point in each group using one-way analysis of variance (one-
way ANOVA) and Tukey’s test. Amplitude and nerve conduction 
velocity of the sciatic nerve in each group at each time point. Data 
are expressed as mean ± standard deviation. Statistical significance: 
*P < 0.05, **P < 0.01
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wrapped with lidocaine and nano iron tetroxide particles 
was visible under projection electron microscopy. Super-
paramagnetism experiments showed that the hysteresis 
lines were S-shaped and passed through the origin, and the 
microspheres were superparamagnetic. The in vitro release 

profile showed a slow and fast release, and the cumulative 
release of lidocaine reached 97 ± 1.97% at 60 h of sus-
tained release, measured by UV indexing. This indicates 
that magnetic lidocaine is still released in small amounts 
after 60 h, supporting subsequent animal experiments. Kau 

Fig. 6   Lower limb movements of rabbits in PL, PNM, C, and BM 
groups were assessed. a Trends in toe-tension reflex scores of each 
group at each time point. b Trends in modified Tarlov scores of each 
group at each time point. c Box plots of toe-tension reflex scores for 
each group. d Box plots of modified Tarlov scores for each group. 

c, d Toe tension reflex scores and modified Tarlov scores of each 
group were analyzed by using one-way analysis of variance (one-
way ANOVA) and Tukey’s test. Statistical significance is shown: 
*P < 0.05

Table 1   Results of cutaneous 
trunk reflex inhibition in each 
group (Mean ± SD)

Note: Number of inhibitions (NI) and inhibition rate (IR%)

Time M1 NM1 S1

NI IR% NI IR% NI IR%

Before 0.00 ± 0.00 0.00 ± 0.00% 0.00 ± 0.00 0.00 ± 0.00% 0.00 ± 0.00 0.00 ± 0.00%
0.5 h 6.00 ± 0.00 100.00 ± 0.00% 6.00 ± 0.00 100.00 ± 0.00% 0.00 ± 0.00 0.00 ± 0.00%
2 h 6.00 ± 0.00 100.00 ± 0.00% 5.83 ± 0.41 97.22 ± 6.81% 0.00 ± 0.00 0.00 ± 0.00%
4 h 6.00 ± 0.00 100.00 ± 0.00% 6.00 ± 0.00 100.00 ± 0.00% 0.00 ± 0.00 0.00 ± 0.00%
8 h 5.67 ± 0.52 94.43 ± 8.61% 5.33 ± 0.52 88.89 ± 8.61% 0.00 ± 0.00 0.00 ± 0.00%
16 h 5.17 ± 0.75 86.11 ± 12.55% 4.17 ± 0.41 69.45 ± 6.80% 0.00 ± 0.00 0.00 ± 0.00%
24 h 4.33 ± 0.82 72.22 ± 13.61 2.83 ± 0.75 47.22 ± 12.55% 0.00 ± 0.00 0.00 ± 0.00%
36 h 3.83 ± 0.41 63.89 ± 6.81% 1.67 ± 0.82 27.78 ± 13.61% 0.00 ± 0.00 0.00 ± 0.00%
48 h 2.50 ± 0.55 41.67 ± 9.13% 0.33 ± 0.52 5.56 ± 8.61% 0.00 ± 0.00 0.00 ± 0.00%
60 h 1.33 ± 0.52 22.22 ± 8.60% 0.00 ± 0.00 0.00 ± 0.00% 0.00 ± 0.00 0.00 ± 0.00%
62 h 0.83 ± 0.75 13.89 ± 12.55% 0.00 ± 0.00 0.00 ± 0.00% 0.00 ± 0.00 0.00 ± 0.00%
64 h 0.50 ± 0.55 8.34 ± 9.13% 0.00 ± 0.00 0.00 ± 0.00% 0.00 ± 0.00 0.00 ± 0.00%
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et al. [19] investigated the pattern of in vivo and in vitro 
release of Lidocaine–PLGA and found that within 4 days, 
in vivo release was lower (in nerves and synovial fluid) than 
in vitro and in muscle. From days 4–9, the concentration 
of in vivo release (in nerves and synovial fluid) was higher 
than that in vitro. Similarly, Hsu et al. [11] found a more 
stable concentration of Lidocaine–PLGA in rabbit tissues 
over a period of 3 days. These studies suggest inconsistent 
release rates in vivo and in vitro. This may explain why the 
in vitro release profiles are not in complete agreement with 
the results of animal experiments. In previous studies, the 
duration of analgesia in extended-release formulations was 
mostly within 48 h [20–22]. In contrast, the duration of anal-
gesia in magnetic lidocaine microsphere formulations was 
up to 62 h, providing an effective method for postoperative 
analgesia.

PLGA is a polymer with good histocompatibility and bio-
degradability; it can be hydrolyzed and metabolized to lactic 
acid and glycolic acid in vivo through various tissue interac-
tions, and finally metabolized to water and carbon dioxide 
and excreted [23–25]. PLGA can also be used as a drug 
carrier for neuroprotection and repair [26, 27]. This demon-
strates the safety, reliability, and non-toxicity of PLGA as 
an injectable drug shell. Magnetic lidocaine microspheres 
show similar analgesic duration to marketed products, such 
as liposomal bupivacaine (EXPAREL®) [28] and bupiv-
acaine/meloxicam (ZYNRELEF®) [29]. In addition, Fe3O4 
is a drug carrier that contains biologically active components 
that can be metabolically converted to cell-available ferric 
ions through normal biochemical pathways. It also has excel-
lent biological efficacy (including biocompatibility, surface 
activity, MRI, and degradability) and fewer adverse effects 
[30, 31].

In the therapeutic management of chronic pain, there is 
a focus on addressing innovative proposals for intraopera-
tive and perioperative pain. Physicians and patients expect 
to reduce wound pain and recover earlier after surgery [32, 
33]. This study demonstrates for the first time that magnetic 
lidocaine microspheres can be immobilized around or dis-
tributed along targeted nerves by magnetic dressings applied 
to the skin, avoiding premature diffusion into surrounding 
tissues and thus reducing analgesic effects. This may be a 
more effective way to treat postoperative pain and chronic 
pain.

Using the MRI capability of Fe3O4–PLGA microspheres, 
researchers have developed a number of tumor-targeting 
drugs [33, 34]. Previous studies have also demonstrated 
that Fe3O4–PLGA microspheres have excellent T2-weighted 
MRI properties [35]. In MRI experiments, we observed the 
morphology of magnetic lidocaine microspheres in vivo, 
demonstrating a certain neuroanchoring effect of the prepa-
ration. It acted longer around the nerve than other prepa-
rations without magnetic field attraction [10, 11]. This 

conjecture was further verified by peripheral nerve block 
experiments and analgesic experiments. Our animal experi-
ments have shown that magnetic lidocaine microspheres pro-
long the duration of sciatic nerve block in rabbits, causing 
a decrease in sciatic nerve conduction velocity and action 
potential amplitude within 62 h. The duration of the nerve 
blocking effect of this preparation was lengthened signifi-
cantly in comparison to the magnetic field-free group.

Previously, local anesthetics loaded on other materials 
provided continuous analgesia for 24–48 h [36]. However, 
the analgesic experimental studies showed that magnetic 
lidocaine microspheres prolonged the inhibition time of 
CTMR response in rats, significantly inhibiting the CTMR 
response within 62 h. In contrast, the magnetic field-free 
group significantly inhibited the CTMR response only within 
36 h. In addition, the formulation extended the response time 
to thermal stimulation-induced acute pain in the right hind 
plantar region of rats to 64 h. In short, magnetic lidocaine 
microspheres may be able to provide longer analgesia in the 
presence of a magnetic field.

The present study has some limitations. The encapsula-
tion rate of magnetic lidocaine microspheres prepared in 
this experiment remains to be optimized, and we formu-
lated to improve it in future studies. This can be achieved 
via the optimization of microsphere morphology and the 
use of bilayer microsphere structure, which can also reduce 
the sudden release rate of the drug. In addition, the pharma-
cokinetics and peripheral magnetic field was designed for 
magnetic lidocaine microspheres require further investiga-
tion. Furthermore, we used a simple homemade version of 
the magnetic dressing, but the clinical application requires 
further consideration of the magnetic field strength to pen-
etrate deeper into various tissues. This may require more 
individualized magnetic field designs and magnetic dress-
ings with different field strengths.

Conclusion

In summary, this study showed that the prepared magnetic 
lidocaine microspheres were superparamagnetic, could 
anchor around nerves by magnetic fields on the body sur-
face. Magnetic lidocaine microspheres achieved a cumula-
tive release rate of 97% after 60 h in an in vitro release assay. 
Peripheral nerve block experiments and analgesic experi-
ments revealed that magnetic lidocaine microspheres could 
be immobilized around nerves by a magnetic field, reducing 
diffusion and thus prolonging nerve block and analgesia, 
in comparison to lidocaine microspheres without magnetic 
field action. Fe3O4–local anesthetic–PLGA microspheres 
may be a new effective modality for the treatment of chronic 
pain.
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