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Abstract
Thousands of individuals die each year from opioid-related overdoses. While nalox-
one (Narcan®) is currently the most widely employed treatment to reverse opioid 
toxicity, high or repeated doses of this antidote often lead to precipitated opioid 
withdrawal (POW). We hypothesized that a slow linear release of naloxone from a 
nanoparticle would induce fewer POW symptoms compared to high-dose free na-
loxone. First, we measured the acute impact of covalent naloxone nanoparticles 
(Nal-cNPs) on morphine-induced antinociception in the hotplate test. We found that 
Nal-cNP treatment blocked the antinociceptive effect of morphine within 15 min of 
administration. Next, we tested the impact of Nal-cNPs on POW symptoms in male 
morphine-dependent mice. To induce morphine dependence, mice were treated with 
5  mg/kg morphine (or saline) twice-daily for six consecutive days. On day 7 mice 
received 5 mg/kg morphine (or saline) injections 2 hr prior to receiving treatment 
of either unmodified free naloxone, a high or low dose of Nal-cNP, empty nanopar-
ticle (cNP-empty), or saline. Behavior was analyzed for 0–6 hr followed by 24 and 
48 hr time points after treatment. As expected, free naloxone induced a significant 
increase in POW behavior in morphine-dependent mice compared to saline-treated 
mice upon free naloxone administration. In comparison, reduced POW behavior was 
observed with both doses of Nal-cNP. Side effects of Nal-cNP on locomotion and 
fecal boli production were measured and no significant side-effects were observed. 
Overall, our data show that sustained release of naloxone from a covalent nanoparti-
cle does not induce severe POW symptoms in morphine-dependent mice.
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1  | INTRODUC TION

For countless decades, mu opioid receptor (MOR) agonists such as 
morphine have been utilized to attenuate both acute and chronic 
pain. While MOR agonists are still commonly used analgesics for 
chronic pain management, their use is limited, in part, due to high 
drug abuse potential. In 2002, it was reported that about 11 mil-
lion US residents abused an opioid medication, 1.5 million of which 
displayed symptoms of opioid use disorder (OUD) as defined by the 
DSM-IV((SAMHSA), 2003; Compton & Volkow, 2006). Moreover, in 
2017 more than 70,000 people in the United States died from drug 
overdoses and 68% of those deaths involved a prescription or illicit 
opioid (CDC/NCHS, 2018). Given such high rates of opioid-related 
emergency visits, abuse, and deaths, the development of preventive 
strategies and effective treatments for opioid dependence and over-
dose remains a clinical need.

In an attempt to reduce opioid-overdose mortality, naloxone 
(Narcan) is increasingly utilized by both emergency medical person-
nel and bystanders witnessing an overdose (Wheeler, Jones, Gilbert, 
& Davidson,  2015). Naloxone is a MOR antagonist that has been 
shown to reverse respiratory depression brought on by opioid over-
dose (Dahan, Aarts, & Smith, 2010; Robinson & Wermeling, 2014). 
While naloxone is relatively safe and virtually free of adverse ef-
fects in opioid naïve individuals (Foldes, Duncalf, & Kuwabara, 1969; 
Mowry, Spyker, Brooks, Zimmerman, & Schauben, 2016), a few fac-
tors limit its therapeutic potential, especially in OUD patients expe-
riencing an overdose. First, individuals with OUD often experience 
renarcotization once treated with naloxone (Dahan et  al.,  2010). 
This is primarily due to the relatively short half-life of naloxone (30–
81 min; Rzasa Lynn & Galinkin, 2018; Vanky, Hellmundt, Bondesson, 
Eksborg, & Lundeberg, 2017). The toxic effects of many opioids far 
outlast the antagonistic effects of a single dose of naloxone, thus 
individuals can experience a second overdose once naloxone is 
cleared. To account for the rapid metabolism of naloxone, higher or 
repeated doses of naloxone are often administered, which leads to 
the second limitation of naloxone. High circulating levels of naloxone 
can initiate precipitated opioid withdrawal (POW) symptoms in indi-
viduals with prior opioid exposure (Moss & Carlo, 2019; Rzasa Lynn 
& Galinkin, 2018; Sun, 1998). POW symptoms can include behavioral 
agitation, pulmonary edema, sweating, nausea, seizures, and craving 
(Flacke, Flacke, & Williams, 1977; Jain, Singhai, & Swami, 2018; Kanof 
et al., 1992). The onset of these withdrawal symptoms can increase 
an individual's chance of relapse (Clemency et al., 2019). Therefore, 
a dire need exists to develop new therapeutic treatments for opioid 
overdose that both effectively reverse opioid toxicity while limiting 
POW.

We recently demonstrated the feasibility of covalently loaded 
polylactic acid (PLA) naloxone nanoparticles (Nal-cNP) as an effec-
tive drug delivery system (DDS) for the extended linear release of 
naloxone with MOR antagonism (Kassick et  al.,  2019). The use of 
such a next generation DDS is a promising solution to avoid POW 
symptoms associated with naloxone treatment. Biodegradable 
nanoparticles have received increasing attention as a valuable tool 

to effectively deliver drugs in areas such as oncology, diabetes, and 
infectious diseases (Anand, Tiloke, Naidoo, & Chuturgoon,  2017; 
Colino, Millan, & Lanao, 2018; Haley & Frenkel, 2008; Mazzucchelli 
& Corsi, 2017; Soppimath, Aminabhavi, Kulkarni, & Rudzinski, 2001). 
Their ability to provide controlled release, stabilize drugs and pro-
teins, and deliver small molecules to a specific site of action makes 
them favorable as therapeutic agents (Kamaly, Yameen, Wu, & 
Farokhzad,  2016). Despite their benefits, some nanoparticles do 
possess limitations due to their design, specifically the manner 
by which drugs are loaded into the matrix. Traditional, non-cova-
lently loaded nanoparticle delivery systems are often associated 
with burst release which can lead to unwanted side effects (Du & 
Stenzel, 2014; Huang & Brazel, 2001; Kamaly et al., 2016; Tong & 
Cheng,  2009; Wightman, Nelson, Lee, Fox, & Smith,  2018). One 
example of this is Vivitrol®, an extended-release preparation of the 
MOR antagonist naltrexone that was approved in 2010 to prevent 
relapse to opioid dependence (Saucier, Wolfe, & Dasgupta,  2018). 
Non-covalent loading of naltrexone into poly(lactide-co-glycolide) 
has led to severe POW in a number of cases (Saucier et al., 2018; 
Wightman et al., 2018). Based on these previous findings, a favor-
able next generation DDS should avoid burst release of naloxone 
while still providing an effective antidote to opioid toxicity.

In our previous study with Nal-cNP, nanoparticles possessing 
a drug loading of approximately 7% w/w blocked the effects of 
repeated high-dose morphine (10  mg/kg) for up to 98  hr in mice 
(Kassick et al., 2019). These data with in vitro kinetics suggested that 
Nal-cNPs can provide a constant release of naloxone for multiple 
days. However, extended release of naloxone may cause unwanted 
POW symptoms similar to high-dose free naloxone. The aim of this 
study was to test the impact of covalent naloxone nanoparticles on 
POW symptoms in morphine-dependent mice. We hypothesized 
that in morphine-dependent mice, treatment with Nal-cNP would 
display reduced POW symptoms compared to mice treated with 
unmodified free naloxone due to the low linear release from the 
Nal-cNPs. We also examined possible side effects of acute Nal-cNP 
treatment by studying the effects of NPs on locomotion, fecal boli 
(i.e., constipation), and body weight.

Significance

The opioid epidemic remains a major problem worldwide. 
Currently, opioid overdoses are relieved with high doses of 
naloxone to reverse opioid-induced respiratory depression. 
While acutely effective, repeated or high doses of naloxone 
can lead to precipitated opioid withdrawal (POW), especially 
in patients with opioid use disorder. Therefore, there is a vital 
need for novel effective methods to reverse opioid overdose 
that do not induce POW. In this study, we show that covalent 
naloxone nanoparticles (Nal-cNPs) induce lower POW symp-
toms in morphine-dependent mice compared to high-dose 
free naloxone.
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2  | MATERIAL S AND METHODS

2.1 | Subjects

Adult male C57BL/6J mice (The Jackson Laboratory) weighing ap-
proximately 20–31 g were used in these studies (n = 92). Mice were 
group housed with a controlled temperature and 12  hr light/dark 
cycle in the Animal Care Facility. Food and water were made avail-
able ad libitum except during experimental sessions. Experiments 
began once the animals had acclimated to Duquesne's Animal Care 
Facility for at least 7  days. Behavioral experimentation was per-
formed during the light cycle when mice were 6–8 weeks of age. The 
experimenter was blinded to treatment until all data were analyzed. 
Treatments were randomly assigned to mice in experimental groups 
(high and low doses of Nal-cNP) and control groups (positive control: 
unmodified free naloxone and negative controls: saline and cNP-
empty). Animals were maintained and experiments were approved 
and conducted in accordance with the guidelines established by the 
Institutional Animal Care and Use Committee, Duquesne University 
(Pittsburgh, PA). All efforts were made to minimize animal suffering 
and to reduce the number of animals used.

2.2 | Hotplate test

All mice received an acclimation to the hotplate test (one day prior 
to baseline test and twice before the baseline test), baseline hotplate 
test (24 hr before treatment), and a post-treatment hotplate test (day 
of treatment). Mice were acclimated to a metal hotplate maintained 
at 33  ±  0.5°C (non-noxious temperature) for approximately 2  min 
per trial. A mobile, transparent, and colorless plexiglass rectangular 
prism (26  ×  10  ×  16  cm) was placed on the hot plate to form the 
observation area. The temperature of the hot plate was monitored 
at all times. For the baseline and post-treatment tests, the metal 
hot plate was maintained at 49 ± 0.5°C. Measurements were made 
by placing one mouse on the hot plate at a time and recording the 

response latency with a stopwatch to the nearest 0.01 s. A cutoff 
latency of 30 s was used. Pain-associated behavior responses were 
characterized by either the licking of the hindpaw or jumping. After 
each measurement, the plate was wiped clean of all urine and feces. 
About 24 hr after the baseline hotplate measurement, mice were in-
jected with 10 mg/kg morphine (intraperitoneal) and one of the fol-
lowing treatments: cNP-empty, Nal-cNP (low-dose), or 8 mg/kg free 
naloxone (subcutaneous). Morphine was administered 30 min before 
the hotplate test and treatment was administered 15 min before the 
hotplate test. The maximum possible effect (% MPE) of morphine 
was calculated using the following formula: % MPE = (treatment la-
tency [s] − baseline latency [s]/30 s − baseline latency [s]). The exper-
imenter was blinded to treatment until all the data were analyzed.

2.3 | POW experimental design

Due to large sample sizes, the withdrawal experiments were performed 
in four cohorts of mice. All data were combined for analysis. In each 
cohort, the withdrawal experiments occurred over the span of 9 days. 
Morphine dependence was induced using a 6-day morphine-depend-
ency paradigm that has been shown to elicit naloxone-induced opioid 
withdrawal symptoms in mice (Singh, Sharma, Gupta, & Sharma, 2015; 
Way, Loh, & Shen, 1969). For six consecutive days, mice received in-
traperitoneal injections of 5  mg/kg morphine (or saline) twice-daily 
(Figure 1). Injections were given at 7:00 a.m. (lights on) and 7:00 p.m. 
(lights off). Mice were in clear plexiglass enclosures (12 × 12 × 20 cm) 
on a raised glass surface during injection period. Following each daily 
injection, mice were returned to their group-housed cage. On day 7, 
mice received their final “lights on” injection at 7:00 a.m. and were left 
to habituate to the testing room with 60 dB of white noise for 1 hr and 
40 min. Next, the mice were individually placed in plexiglass enclosures 
on a raised glass surface (with black dividers in between) for 20 min. 
Two hours after receiving their lights on injection, mice received an in-
traperitoneal injection of one of the five treatments: (a) unmodified free 
naloxone (free naloxone, 8 mg/kg), (b) high dose of Nal-cNP (Nal-cNP 

F I G U R E  1   Experimental Design: For 6 consecutive days, mice received intraperitoneal injections of 5 mg/kg morphine (* another 
group of mice received saline injections instead) twice-daily. On day 7, 2 hr after their AM morphine (or saline) injection, mice received an 
intraperitoneal injection of one of the five treatments: ** free naloxone (8 mg/kg), Nal-cNP (Hi)—8 mg/kg naloxone, Nal-cNP (Low)—0.7 mg/
kg naloxone, cNP-empty, or saline. Behavior was video recorded for 6 hr (beginning immediately after the treatment injection). On days 8 
and 9 video recording began 24 hr (day 8) and 48 hr (day 9) after the treatment injection was given (day 7) and behavior was recorded for 
15 min. Precipitated opioid withdrawal behavior (naloxone-induced jumping, rearing, forepaw tremors, wet dog shakes, and forepaw licking) 
was measured the first 15 min of each hr. Figure prepared with BioRender.com software
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[Hi], 7% w/w; equivalent to 8 mg/kg naloxone), (c) low dose of Nal-
cNP (Nal-cNP [Low], 7% w/w; equivalent to 0.7 mg/kg naloxone), (d) 
covalent nanoparticle not containing naloxone (cNP-empty), or (e) sa-
line. Behavior was video recorded for 6 hr (beginning immediately after 
the treatment injection). On days 8 and 9 mice were habituated to the 
testing room with white noise for 1.4 hr and habituated to the plexiglass 
enclosures for 20 min. Video recording began 24 hr (day 8) and 48 hr 
(day 9) after the treatment injection (given on day 7). POW responses 
were determined by observing and scoring the behavior of the animals 
6 hr, 24 hr, and 48 hr after the treatment drug was administered. During 
the initial 6 hr, withdrawal behavior was scored the first 15 min of each 
hour. Data were analyzed for each hour and cumulatively over the 6 hr 
testing period. The following behaviors were measured: naloxone-in-
duced jumping, rearing (number of events), forepaw tremors (number 
of shakes unrelated to grooming), wet dog shakes (full body shakes 
unrelated to grooming), and forepaw licking (number of non-grooming 
licking bouts) based on previous characterization of this model (Bhalla, 
Pais, Tapia, & Gulati, 2015; Rehni & Singh, 2011; Singh et al., 2015). All 
scoring of videos occurred blinded to treatment of the animals.

2.4 | Overall withdrawal severity (OWS) Z-score 
calculation

Individual withdrawal behaviors were calculated using an integrated 
behavioral z-score analysis. Z-scores allow for statistical comparison of 
related data across studies and indicate how many standard deviations 
(σ), the mean of an observation (X) is above or below the mean of the 
control group (µ; Guilloux, Seney, Edgar, & Sibille, 2011). First, individ-
ual z-scores were calculated for each withdrawal behavior (naloxone 
jumps—ZNJ; rearing—ZR; forepaw tremors—ZFT; wet dog shakes—ZWDS; 
forepaw licking—ZFL) where x = mean of behavior, µ = mean of the con-
trol group, and σ = standard deviation of control (see Equation 1). For 
this study, our positive control group (free naloxone) was the control 
group by which the individual z-scores were normalized.

Once individual z-scores were calculated for each POW behav-
ior, the z-scores were integrated across behaviors to calculate an 
OWS score (see Equation 2).

2.5 | Open field test

Locomotion was measured using the open field test as previously 
described (Lax et al., 2016; Seibenhener & Wooten, 2015). Briefly, 
mice were habituated to a dimly lit behavior room for 1  hr with 
60 dB white noise. Mice were pretreated with either 7% w/w Nal-
cNP (Low) or saline for 10 min before being placed in the Plexiglass 
open field box (40.6 × 40.6 × 30 cm). The experimenter was blinded 

to treatment. Total distance traveled (m) and total time spent immo-
bile (s) were measured and recorded for 30 min using an overhead 
camera and ANY-Maze software (Stoelting Co., version 4.98). The 
number of fecal boli was counted and recorded after each test.

2.6 | Drugs

Nal-cNPs were synthesized as previously published (Kassick 
et  al.,  2019). Nal-cNP was initially prepared as 10  mg/ml, 7% w/w, 
7 mg/kg naloxone/mouse. This concentration was diluted (1:10) to pre-
pare a low dose of Nal-cNP (1 mg/ml, 7% w/w, 0.70 mg/kg naloxone/
mouse) where a 30-g mouse received 30 µl of the initial Nal-cNP con-
centration and 270 µl of 0.9% saline (300 µl total). To prepare the high 
dose of Nal-cNP (10 mg/ml, 7% w/w, 8 mg/kg naloxone/mouse), a 30-g 
mouse received 343  µl of the initial Nal-cNP concentration (343  µl 
total). Naloxone hydrochloride was purchased from Sigma-Aldrich (St. 
Louis, MO) and dissolved in a vehicle of 0.9% saline. Free naloxone was 
prepared at a concentration of 0.8 mg/ml (30 g mouse = 300 µl injec-
tion, 8 mg/kg naloxone/mouse). Morphine sulfate was purchased from 
Sigma-Aldrich (St. Louis, MO) and dissolved in 0.9% saline as 0.5 mg/ml 
(30 g mouse = 300 µl injection, 5 mg/kg morphine/mouse). All drugs 
were administered either intraperitoneally or subcutaneously.

2.7 | Statistical analysis

Data are expressed as mean ± SEM or expressed as the percentage 
of maximal possible effect (% MPE) (Figure  2). Two-way repeated 
measurements ANOVA followed by a post hoc Bonferroni's multi-
ple comparison tests were used to determine statistical significance 
for time and treatment. One-way ANOVA followed by a post hoc 
Bonferroni's test was performed to compare cumulative POW be-
haviors, Z-scores, and % MPE across treatment groups. Unpaired t 
tests were used to compare locomotor activity, fecal boli, and body 
weight between treatment groups. p < 0.05 was considered statisti-
cally significant for all tests. All graphs and statistical analyses were 
performed with GraphPad Prism 8.0 software (GraphPad Software, 
San Diego, CA, USA). Prior to experiments, G* Power 3.1.9.4 was 
used to conduct a power analysis to determine an appropriate sam-
ple size. Using data from a pilot study, the a priori determined an n 
value of at least 6 as appropriate (power set to 0.90). All data were 
included and no outliers were removed from this study.

3  | RESULTS

3.1 | Nal-cNP treatment blocks morphine-induced 
thermal antinociception in the hotplate test

In order to better understand the onset action of Nal-cNP we first 
sought to test the ability of Nal-cNP to reduce the acute thermal 
antinociceptive effect of morphine in opioid naïve mice (Figure 2). 

(1)ZNJ=
x−�

�

(2)OWS =
ZNJ +ZR +ZFT +ZWDS +ZFL

# of behaviors
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One-way ANOVA was used to determine statistical significance 
of % MPE of morphine between different treatment groups (cNP-
empty (negative control), Nal-cNP (Low), and free naloxone). 
One-way ANOVA revealed a significant effect of treatment (F (2, 
15) = 11.19, n = 18, p = 0.0011). Bonferroni's multiple comparison 
test indicated a significant decrease in % MPE of morphine in mice 
treated with Nal-cNP (p = 0.0048) and free naloxone (p = 0.0019) 
compared to mice treated with cNP-empty. There were no signifi-
cant differences between free naloxone and Nal-cNP treatment 
groups (p > 0.9999).

3.2 | Nal-cNPs induce reduced POW symptoms 
compared to free naloxone

Next, we sought to investigate the time course effects of free na-
loxone, Nal-cNP (Hi), Nal-cNP (Low), cNP-empty, and saline on with-
drawal symptoms in morphine-dependent mice (Figure 3). Two-way 
repeated measure (RM) ANOVAs were used to determine statistical 

significance of naloxone-induced jumps, forepaw tremors, wet dog 
shakes, rearing, and forepaw licking behavior between the different 
treatment groups 0–6 hr, 24 hr, and 48 hr after treatment injections. 
Two-way RM ANOVA revealed a significant main effect of time (F (7, 
245) = 10.27, n = 40, p < 0.0001) and treatment (F (4, 35) = 27.65, 
p < 0.001) for naloxone-induced jumps (Figure 3a). Bonferroni's mul-
tiple comparison post hoc test revealed a significant increase in the 
number of naloxone-induced jumps in the free naloxone group com-
pared to Nal-cNP (Low), Nal-cNP (Hi), cNP-empty, and saline-treated 
groups (p < 0.0001) within the first hour after treatment. There was 
also a significant increase in the Nal-cNP (Hi) group compared to 
Nal-cNP (Low), cNP-empty, and saline-treated groups (p = 0.0014). 
There were no significant differences between treatment groups at 
any other time point.

Two-way RM ANOVA revealed a significant main effect of time 
(F (7, 245) =  5.100, p <  0.0001) and treatment (F (4, 35) =  4.636, 
p = 0.0041) for forepaw tremors (Figure 3b). Post hoc analyses re-
vealed a significant increase in forepaw tremors in the free naloxone 
group compared to the Nal-cNP (Hi) (1 hr p < 0.0001; 3 hr p = 0.0048), 
Nal-cNP (Low) (1 hr p < 0.0001; 3 hr p = 0.0294), cNP-empty (1 hr 
p < 0.0001; 3 hr p = 0.0048), saline groups (1 hr p < 0.0001; 3 hr 
p < 0.001) within the first hour and third hour of treatment. There 
was a significant increase in forepaw tremors in the Nal-cNP (Low) 
group compared to the Nal-cNP (Hi) group 48 hr after treatment.

Two-way RM ANOVA failed to reveal a significant effect of time 
(F (7, 245)  =  1.436, p  =  0.1912) nor treatment (F (4, 35)  =  2.075, 
p = 0.1050) for wet dog shakes (Figure 3c). There was a significant 
difference among subjects (F (35, 245) = 4.221, p < 0.0001). Post 
hoc analyses revealed a significant increase in wet dog shakes in 
the free naloxone group compared to the Nal-cNP (Hi) (p = 0.0356), 
Nal-cNP (Low) (p = 0.0083), cNP-empty (p = 0.0137), saline groups 
(p = 0.0083) within the sixth hour of treatment. Post hoc analyses 
also revealed a significant increase in wet dog shakes in the free nal-
oxone group compared to the Nal-cNP (Hi) group 24 hr after treat-
ment (p = 0.0023).

Two-way RM ANOVA revealed a significant main effect of time 
(F (7, 245) = 48.02, p < 0.0001) and treatment (F (4, 35) = 3.826, 
p = 0.0111) for rearing behavior (Figure 3d). Post hoc analyses re-
vealed a significant increase in rearing behavior in the free naloxone 
group compared to the cNP-empty group (p = 0.0200), and a signifi-
cant increase in rearing in the Nal-cNP (Hi) group compared to cNP-
empty (p = 0.0116) and saline treatment groups (p = 0.0315) within 
the first hour of treatment. Additionally, there was a significant in-
crease observed in rearing behavior in the free naloxone group com-
pared to the saline group 24 hr after treatment (p = 0.0066). About 
48  hr post-treatment, post hoc analyses revealed a significant in-
crease in rearing in the free naloxone group (p  =  0.0175) and the 
Nal-cNP (Hi) group (p = 0.0460), when compared to the saline group.

Two-way RM ANOVA found a significant main effect of both 
time (F (7, 245) = 4.585, p < 0.0001) and treatment (F (4, 35) = 2.849, 
p = 0.0382) for non-grooming bouts of forepaw licking (Figure 3e). 
Post hoc analyses revealed a significant increase in forepaw licking in 
the Nal-cNP (Low) group compared to the free naloxone (p = 0.110), 

F I G U R E  2   Nal-cNP treatment significantly reduces morphine-
induced thermal antinociception in the hotplate test. (a) Morphine 
(10 mg/kg) was administered 15 min prior to mice receiving free 
naloxone (8 mg/kg), Nal-cNP (Low), or cNP-empty treatment 
(n = 6/group). 15 min after treatment, nocifensive behaviors were 
observed (forepaw licking, forepaw/hindpaw withdrawal, jumping) 
in the hotplate test. (b) Data from the hotplate test are expressed as 
the percentage maximum possible effect (%MPE). Bonferroni post 
hoc tests revealed a significant decrease in % MPE of morphine in 
mice treated with Nal-cNP and free naloxone compared to cNP-
empty (**p < 0.01). There were no significant differences between 
Nal-cNP and free naloxone treatment (p > 0.9999)
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cNP-empty (p = 0.0045), and saline (p = 0.0255) treatment groups 
within the second hour of treatment.

Next, we calculated a cumulative effect of treatment on POW for 
the first six hours by summing the scores at each of the 1, 2, 3, 4, 5, 
and 6 hr time points (Figure 4). One-way ANOVA indicated a signif-
icant main effect of treatment for jumping behavior (F (4, 35) = 15, 
n = 40, p < 0.0001). Post hoc analyses revealed that morphine-de-
pendent mice treated with free naloxone displayed significantly 
more jumping behavior (Figure 4a) (20.88 ± 4.462) compared to Nal-
cNP (Hi) (5.500 ± 2.027, p < 0.001), Nal-cNP (Low) (0.1250 ± 0.1250, 
p < 0.0001), cNP-empty (0.5000 ± 0.2673, p < 0.0001), and saline 
(1.000 ± 1.000, p < 0.0001). One-way ANOVA did show a signif-
icant effect of treatment for forepaw tremors (Figure  4b) (F (4, 
35)  =  6.403, p  <  0.001). Post hoc analyses indicated a significant 
increase in morphine-dependent mice treated with free nalox-
one (103.8  ±  21.12) compared to Nal-cNP (Hi) (41.25  ±  6.984, 
p < 0.001), Nal-cNP (Low) (42.88 ± 10.36, p = 0.0136), cNP-empty 
(33.00 ± 9.776, p = 0.0027), and saline (25.25 ± 8.163, p < 0.001). 
For wet dog shakes (Figure 4c), one-way ANOVA revealed a signif-
icant effect of treatment (F (4, 35) = 4.200, p = 0.0070) and post 

hoc analyses showed a significant increase in wet dog shakes in the 
free naloxone group (14.25 ± 3.663) compared to both cNP-empty 
(3.125 ± 1.172, p = 0.0075) and saline (4.125 ± 1.172, p = 0.0188) 
treatment groups. There were no significant effects observed for 
rearing (Figure 4d) and forepaw licks (Figure 4e) (F (4, 35) = 2.439, 
p = 0.0652; F (4, 35) = 1.243, p = 0.3107, respectively).

Next, we calculated the OWS score for each treatment group to 
better assess the overall effect of Nal-cNPs on POW (Figure  5). In 
order to calculate the OWS scores, individual z-scores were calculated 
for each behavior with the free naloxone group as the control meaning 
the z-score was 0 across behaviors. Within the first 6 hr of treatment, 
one-way ANOVA revealed a significant main effect of treatment (F (4, 
20) = 4.996, n = 25, p = 0.0062) (Figure 5a). The following individual 
z-scores were calculated for naloxone-induced jumping behavior (free 
naloxone: z = 0, Nal-cNP (Hi): z = −1.218, Nal-cNP (Low): z = −1.644, 
cNP-empty: z = −1.614, saline: z = −1.575); rearing behavior (free nal-
oxone: z = 0, Nal-cNP (Hi): z = −0.593, Nal-cNP (Low): z = −0.641, 
cNP-empty: z  =  −0.776, saline: z  =  −0.779); forepaw tremors (free 
naloxone: z = 0, Nal-cNP (Hi): z = −1.218, Nal-cNP (Low): z = −1.644, 
cNP-empty: z  =  −1.614, saline: z  =  −1.575); rearing behavior (free 

F I G U R E  3   The majority of naloxone-induced POW behaviors were observed within the first hour of treatment. Morphine-dependent 
mice (n = 8/group) were treated with either free naloxone, Nal-cNP (Hi—8 mg/kg of naloxone), Nal-cNP (Low—0.7 mg/kg), cNP-empty, 
and saline (n = 8/group) 2 hr after receiving a morphine injection (5 mg/kg). During the first day of testing, behavior was assessed the first 
15 min of every hour (6 hr total). Behavior was also assessed 24 hr after treatment and 48 hr after treatment. The data are expressed as 
mean ± SEM. Bonferroni post hoc tests represents significance between the following groups (p values are reported in results): (a) free 
naloxone group versus Nal-cNP (Low), Nal-cNP (Hi), cNP-empty, and saline, (b) Nal-cNP (Hi) group versus Nal-cNP (Low), cNP-empty, and 
saline, (c)free naloxone versus cNP-empty, (d) Nal-cNP (Hi) versus cNP-empty and saline, (e) free naloxone versus saline (f) Nal-cNP (Hi) 
versus saline, (g) free naloxone versus Nal-cNP (Hi), (h) Nal-cNP (Low) versus cNP-empty, saline, and free naloxone
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naloxone: z = 0, Nal-cNP (Hi): z = −1.046, Nal-cNP (Low): z = −1.019, 
cNP-empty: z = −1.184, saline: z = −1.314); wet dog shakes (free nal-
oxone: z = 0, Nal-cNP (Hi): z = −0.627, Nal-cNP (Low): z = −0.712, 
cNP-empty: z = −1.074, saline: z = −0.977); forepaw licking (free nal-
oxone: z = 0, Nal-cNP (Hi): z = −0.610, Nal-cNP (Low): z = 0.144, cNP-
empty: z = −0.503, saline: z = −0.395). Post hoc analyses determined 
a significant decrease in OWS scores of both cNP-empty (p = 0.0102) 
and saline (p  =  0.0122) treatment groups when compared to the 
OWS of the free naloxone group. Although not significant, Nal-cNP 
(Hi) (p = 0.062) and Nal-cNP (Low) (p = 0.089) trended to show re-
duced withdrawal behavior in morphine-dependent mice within 6 hr 
of treatment compared to free naloxone-treated mice. Furthermore, 
there were no significant differences in OWS scores at 24 hr (F (4, 
20) = 2.536, p = 0.0722) (Figure 5b) or 48 hr after treatment (F (4, 
20) = 1.509, p = 0.2374) (Figure 5c).

3.3 | Nal-cNP shows minimal withdrawal symptoms 
in the absence of morphine dependence

To evaluate whether the naloxone-induced POW was specific for 
morphine-dependent mice, we also compared the total number of 
withdrawal symptoms in saline control-treated mice (saline twice-
daily for 6 consecutive days) within the first 6  hr of treatment 
(Figure  6). Data from morphine-treated mice in the free naloxone 
treatment group (from Figure  4) are also shown for comparison. 
Neither Nal-cNP (low), saline, nor free naloxone-treated mice dis-
played jumping behavior within the first 6 hr of treatment (0 ± 0) 
(Figure  6a). One-way ANOVA revealed a significant effect (F (3, 
22) = 17.15, n = 26, p < 0.0001) and post hoc Bonferroni's multiple 
comparisons test revealed a significant decrease in the saline-treated 
mice that received Nal-cNP (p < 0.001), free naloxone (p < 0.001), 

F I G U R E  4   Nal-cNP treatment displayed reduced POW behaviors compared to free naloxone treatment in morphine-dependent mice. 
These data are expressed as the sum (15 min bins) ± SEM for the first 6 hr of treatment on day 7 (n = 8/group). Bonferroni post hoc tests 
reveal significant differences in (a) naloxone-induced jumps, (b) forepaw tremors, and (c) wet dog shakes (****p < 0.0001; ***p < 0.001; 
**p < 0.01; *p < 0.05). No effects were found for (d) rearing or (e) forepaw licking
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and saline (p  <  0.001) compared to morphine-dependent mice 
treated with free naloxone. One-way ANOVA showed a significant 
effect in forepaw tremors (F (3, 22) = 11.77, p < 0.0001) (Figure 6b). 
Post hoc analyses revealed a significant decrease in forepaw trem-
ors in the saline-treated mice that received Nal-cNP (25.33 ± 5.869, 
p < 0.0061), free naloxone (18.50 ± 5.971, p < 0.0031), and saline 
(5.333 ± 0.945, p < 0.001) compared to morphine-dependent mice 
treated with free naloxone (103.8  ±  21.12). One-way ANOVA re-
vealed a significant effect for wet dog shakes (F (3, 22)  =  4.927, 
p = 0.0091) and post hoc analyses revealed a significant decrease 
(p = 0.0079) in wet dog shakes in saline-treated mice that received 
saline (0.8333  ±  0.4014) compared to morphine-dependent mice 
treated with free naloxone (6.333 ± 2.171) (Figure 6c). There were 
no significant differences in rearing (Figure 6d) and forepaw licking 
(Figure 6e) behavior between the saline-treated mice and the mor-
phine-dependent mice treated with free naloxone.

3.4 | Nal-cNP does not induce locomotor or acute 
constipation-related side effects

Lastly, we wanted to investigate the potential side effects of acute 
Nal-cNP treatment compared to saline-treated mice (Figure 7). In the 
open field test, unpaired t tests determined that there were no signif-
icant differences in total distance traveled (m) (saline: 56.66 ± 5.122; 
Nal-cNP: 48.43 ± 3.497; F (7, 7) = 2.145, n = 16, p = 0.3353) and total 
time immobile (s) (saline: 382.1 ± 43.79; Nal-cNP: 429.5 ± 70.38; F 
(7, 7) = 2.583, p = 0.2338). Similarly, no significant differences were 
found for the number of fecal boli produced (saline: 1.625 ± 0.5650; 
Nal-cNP 1.625 ± 0.6529; F (7, 7) = 1.336, p = 0.7122) between saline 

and Nal-cNP (Low)-treated animals suggesting minimal acute impact 
of treatment on fecal production. Neither Nal-cNP nor saline signifi-
cantly altered body weight (g) 3 (saline: 24.60 ± 0.8102, p = 0.6060; 
Nal- cNP: 24.40 ± 0.5635, p = 0.6932) and 5 days after treatment 
(saline: 24.95  ±  0.8198, p  =  0.4465; Nal- cNP: 24.81  ±  0.5683, 
p = 0.3968) compared to baseline body weight before treatment (sa-
line: 23.89 ± 1.077; Nal-cNP: 24.05 ± 0.6609).

4  | DISCUSSION

This study sought to test the impact of covalently loaded naloxone 
nanoparticles on POW symptoms in a mouse model of opioid de-
pendence. We found that the Nal-cNP particles reduced thermal an-
tinociceptive effects of morphine in the hotplate test, demonstrating 
that acute treatment of Nal-cNP can produce MOR antagonism. 
Additionally, we demonstrated that the 6-day morphine-depend-
ency paradigm used for this study was effective as evidenced by the 
rapid onset of POW behaviors observed when free naloxone was ad-
ministered. The Nal-cNP particles attenuated the majority of POW 
behaviors in comparison to free naloxone treatment, principally 
naloxone-induced jumps, forepaw tremors, and wet dog shakes, 
within the first 6  hr of treatment. As a result, Nal-cNP treatment 
produced a lower withdrawal compared to free naloxone treatment. 
It is worth mentioning, mice treated with Nal-cNP particles displayed 
a similar frequency of withdrawal behavior as negative control treat-
ment groups cNP-empty and saline, suggesting that phenotype was 
driven by spontaneous withdrawal rather than POW. Lastly, in the 
open field test there were no significant differences between saline 
and Nal-cNP treatment groups in locomotor activity and production 

F I G U R E  5   Impact of Nal-cNP (Hi)/(Low) treatment on overall withdrawal severity (OWS) compared to free naloxone treatment. POW 
severity scores were normalized to free naloxone treatment in morphine-dependent mice (positive control). Symbols represent individual 
z-scores that were calculated for each behavior. These data are expressed as the average of individual z-scores (a) 6 hr, (b) 24 hr, and (c) 
48 hr after treatment (n = 8/group). Post hoc analyses determined a significant decrease in OWS score in the free naloxone group compared 
to both cNP-empty and saline treatment groups within the first 6 hr of treatment (p < 0.05). Nal-cNP (Hi) (p = 0.062) and Nal-cNP (Low) 
(p = 0.089) trended to show reduced withdrawal behavior within 6 hr of treatment. Negative values on y-axis indicate reduced POW 
compared to positive control
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of fecal boli, suggesting negligible side effects are associated with 
acute Nal-cNP use.

To ensure acute MOR antagonism of Nal-cNPs, we first sought 
to study the impact of Nal-cNPs on morphine-induced thermal ant-
inociception compared to free naloxone. The hotplate test has been 
used for decades to assess acute thermal nociception (Fennessy & 

Lee, 1970; Holck, Kimura, & Kimura, 1950; Pleuvry & Tobias, 1971). 
Consistent with our previous findings (Kassick et al., 2019), we found 
that free naloxone treatment displayed a significant decrease in % 
MPE of morphine compared to the negative control cNP-empty. 
These data are consistent with other hotplate tests in that naloxone 
treatment decreases the antinociceptive effects of morphine and 

F I G U R E  6   Minimal withdrawal behaviors are found in control saline-treated mice compared to morphine-dependent mice treated with 
free naloxone. Mice received saline (twice-daily) for 6 consecutive days then treated with either free naloxone, Nal-cNP (Low), or saline. 
These data are expressed as the sum (15 min bins) ± SEM within the first 6 hr of treatment on day 7 (n = 6-8/group). Bonferroni post hoc 
tests reveal significant differences in (a) naloxone-induced jumps, (b) forepaw tremors, and (c) wet dog shakes (****p < 0.0001; ***p < 0.001; 
**p < 0.01) compared to morphine-dependent mice treated with free naloxone (free naloxone m.t). No statistically significant differences 
were found between saline-treated mice suggesting that no POW occurs in the absence of morphine dependency
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other MOR agonists (O'Callaghan & Holtzman, 1975; Smith, 1976; 
Szekely, Dunai-Kovacs, Miglecz, Ronai, & Bajusz, 1978). In the cur-
rent study, we found that Nal-cNP (Low) significantly reduced the 
% MPE of morphine compared to the negative control cNP-empty 
in the hotplate test. Additionally, there were no significant differ-
ences between Nal-cNP (Low) and free naloxone treatment groups. 
Despite the slow-sustained release of naloxone of Nal-cNP, the 
covalent nanoparticle displays similar MOR antagonism within the 
same time frame as unmodified naloxone (within 15  min of treat-
ment). This acute action of Nal-cNP is clinically relevant in that in 
order to reverse an opioid overdose, a fast MOR antagonistic effect 
would be required to reverse opioid toxicity. However, it is possible 
that the MOR antagonistic effect is dependent on the behavioral 
endpoint. While the antinociceptive effects of morphine is blocked 
within 15  min of treatment, a higher dose and/or different time-
frame may exist for Nal-cNP to reverse opioid toxicity. Therefore, 
additional experiments with Nal-cNP in an opioid overdose model 

are necessary to test whether Nal-cNP can reverse symptoms asso-
ciated with opioid toxicity such as respiratory depression.

In order to examine the ability of Nal-cNPs to prevent POW in 
opioid-dependent mice, we first had to select an appropriate mouse 
model of opioid dependence. Individuals with OUD are likely to de-
velop severe POW when given high doses of MOR antagonists like 
naloxone (Gangahar,  2015; Kim & Nelson,  2015). POW symptoms 
include agitation, anxiety, gastrointestinal distress, sweating, and 
tachycardia (Himmelsbach, 1941; Sun, 1998; Wesson & Ling, 2003). 
Hospital cases of patients treated with the MOR antagonist naltrex-
one have displayed POW symptoms lasting up to 36 hr (Iovcheva, 
Zlateva, & Asparuhova, 2007). The major difference between Vivitrol 
and our Nal-cNP (beyond naltrexone vs. naloxone differences) is the 
burst release seen in Vivitrol compared to the linear release seen in 
our formulation. The reduced POW seen with Nal-cNP suggests that 
covalent loading of nanoparticles may be a critical factor in reducing 
these symptoms.

F I G U R E  7   Nal-cNP treatment produced negligible side effects in naïve mice. (a) Locomotion and (b) fecal boli production were observed 
to assess the side effect profile of Nal-cNP. Unpaired t tests determined there were no significant differences in total distance traveled (m), 
total time immobile (s), and the number of fecal boli between saline and Nal-cNP (Low)-treated animals (n = 8/group) in the open field test. 
Data are expressed as mean ± SEM
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Previous mouse models of morphine dependence have demon-
strated that mice exhibit POW symptoms such as jumping, circling, 
wet dog shakes, rearing, forepaw tremors, and forepaw licking 
when treated with naloxone (Enquist, Ferwerda, Milan-Lobo, & 
Whistler, 2012; Gao et al., 2016; Singh et al., 2015; Way et al., 1969; 
Zhang et al., 2016). Based on these findings we utilized a 6-day mor-
phine-dependency paradigm. We found this paradigm to be effective 
in that free naloxone treatment (8 mg/kg) induced POW behaviors 
such as naloxone-induced jumps, rearing, forepaw tremors, and wet 
dog shakes. The majority of the naloxone-induced POW behav-
iors were observed within the first 15 min of treatment (Figure 1). 
However, a few behaviors were also displayed within 3 hr (forepaw 
tremors), 6 hr (wet dog shakes), 24 hr (wet dog shakes, rearing), and 
48 hr (rearing) after treatment. Since free naloxone is rapidly metab-
olized, we were surprised to see POW behaviors exhibited 24 hr and 
48 hr after treatment. The free naloxone behavior exhibited 24 hr 
and 48 hr is most likely due to spontaneous withdrawal rather than 
naloxone-induced POW. The naloxone-induced POW behaviors we 
observed in our present study are consistent with previous reports. 
For example, in a previous study, morphine-dependent mice treated 
with naloxone (8 mg/kg) displayed a mean value of 21 jumps (±1.26 
SD) and 15 wet dog shakes (1.18 SD; Singh et al., 2015). In our study, 
the same dose of naloxone produced a mean value of 20.88 jumps 
(±4.462 SEM) and 14.25 wet dog shakes (±3.663 SEM). However, 
we did not see differences in rearing behavior or forepaw licking as 
previously mentioned (Singh et al., 2015). One reason for this could 
be strain differences in that the previous study was done in swiss al-
bino mice and the present study was conducted in C57 mice. In fact, 
some studies have reported substantial strain differences in nalox-
one-induced POW, primarily due to the differences in the develop-
ment of morphine dependence (Kest et al., 2002; Metten, Crabbe, 
& Belknap, 2009). More importantly, within the first 6 hr, Nal-cNPs 
reduced the majority of POW behaviors compared to free naloxone 
treatment in morphine-dependent mice (Figure 4). The free nalox-
one-treated group had significantly more naloxone-induced jumps 
and forepaw tremors than both Nal-cNP (Hi) and Nal-cNP (Low) 
treatment groups. Although not significant, Nal-cNP (Hi) and Nal-
cNP (Low) treatment groups displayed reduced wet dog shakes 
when compared to the free naloxone group. Rearing and forepaw 
licking were relatively similar across treatment groups. This finding 
suggests that the ability of Nal-cNPs to reduce POW behavior is 
partially dependent on the particular withdrawal behavior observed.

To ensure that the naloxone-induced opioid withdrawal we ob-
served was not an artifact, we used the same experimental design 
as before (Figure 1) except instead of receiving morphine injections 
twice-daily, another group of mice were treated with saline twice-
daily (Figure  6). Saline-treated mice were treated with either free 
naloxone, Nal-cNP (Low), or saline. We found that saline-treated 
mice displayed significantly reduced withdrawal behaviors than mor-
phine-dependent mice. In saline-treated mice, free naloxone failed 
to produce naloxone-induced jumps. Additionally, morphine-depen-
dent mice treated with free naloxone exhibited significantly more 

forepaw tremors than all of the saline-treated animals regardless 
of treatment. Although not significant, there was noticeably less 
wet dog shakes and rearing observed in the saline-treated animals 
than the morphine-dependent mice treated with free naloxone. 
Additionally, there were no significant differences between the 
Nal-cNP treatment group and the saline treatment group. Taken to-
gether, these data show that free naloxone alone did not produce 
withdrawal symptoms in naïve (morphine free) mice. These data are 
consistent with an abundance of data showing that MOR inhibition in 
the absence of significant MOR stimulation induces few noticeable 
effects in rodents (Singh et al., 2015) or humans (Borras et al., 2004; 
Grevert & Goldstein, 1978).

The clinical opiate/opioid withdrawal scale (COWS) is a scale 
used by clinicians to assess the degree of opioid withdrawal within 
a patient in order for clinicians to make inferences about their pa-
tient's level of opioid dependence (Tompkins et al., 2009; Wesson 
& Ling, 2003). Similarly, in this study we sought to assess the mag-
nitude of opioid withdrawal in morphine-dependent mice by cal-
culating an OWS score. Using an integrated behavioral z-score 
analysis, each individual behavior was compiled into a normalized 
z-score and then compared across treatment groups (Figure 5). It has 
been reported that the pooling of cohorts and behavioral tests can 
strengthen the reliability of effects and reduce test-to-test variabil-
ity (Guilloux et al., 2011). POW severity scores were normalized to 
free naloxone treatment in morphine-dependent mice. There was 
a significant decrease in the OWS scores of both cNP-empty and 
saline treatment groups when compared to the OWS of the free nal-
oxone group. Although not significant, the OWS scores of Nal-cNP 
(Hi) and Nal-cNP (Low) treatment groups are markedly reduced com-
pared the OWS score of the free naloxone group within 6 hr of treat-
ment. The fact that the OWS scores of both Nal-cNP doses were not 
significantly different from our negative control treatment groups—
cNP-empty and saline are equally important. Our previous study 
reported that 7% w/w Nal-cNP blocked the analgesic properties of 
10 mg/kg morphine for up to 98 hr in a mouse model of neuropathic 
pain (Kassick et  al.,  2019). Therefore, we predicted that our Nal-
cNPs might produce higher OWS scores than those of cNP-empty 
and saline due to the sustained release of naloxone for up to 98 hr. 
Although this finding was unexpected, it would be a clinical bene-
fit to have a sustained delivery of naloxone devoid of withdrawal 
symptoms. Furthermore, the Nal-cNP (Low) dose used in the present 
study is the same dose we previously reported to block the analgesic 
effect of morphine (0.7 mg/kg naloxone release). Therefore, in the 
case a much higher dose of morphine or fentanyl is administered, a 
dose ~10-fold higher (Nal-cNP-Hi) would still display reduced POW 
compared to Narcan. Thus, Nal-cNPs have the potential to be admin-
istered to OUD patients with a wide range of drug accumulation and 
opioid toxicity without the risk of POW.

Lastly, we set out to begin investigating the side effect profile of 
Nal-cNP by testing the acute effects of Nal-cNP on locomotion and 
fecal boli in the open field test (Figure 7). The open field test has been 
used to assess general locomotor activity, behavioral disruption, 
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anxiety-like behavior, and exploratory drive (Bailey & Crawley, 2009; 
Seibenhener & Wooten, 2015). The number of fecal boli produced 
has also been used to measure anxiety-like behavior and stress 
(Crumeyrolle-Arias et al., 2014) as well as an opioid-specific side ef-
fect (Thorpe, 2001). There were no significant differences detected 
between Nal-cNP treatment and saline in total distance traveled, 
total time spent immobile, and fecal boli production during open 
field. These data suggest that acute treatment of Nal-cNP produces 
negligible locomotor (total distance) or anxiety-like (fecal boli and 
time immobile) behavior. Further research would need to be done 
to investigate potential side effects associated with repeated use of 
Nal-cNPs.

Future studies will be performed in order to further evaluate 
the therapeutic potential and side effect profile of Nal-cNP. Firstly, 
studies with female mice will be carried out to study potential sex-
based differences in Nal-cNP activity both on MOR antagonism 
and POW. This study was limited in that we demonstrated constant 
linear release of naloxone via Nal-cNP allowed for a lower OWS in 
only male morphine-dependent mice. Additionally, while the present 
study evaluated side effects of acute Nal-cNP, future studies will as-
sess the side effects associated with repeat dosing of Nal-cNP. It is 
critical to know if multiple Nal-cNP injections are relatively safe and 
equally as effective as the first exposure. Lastly, it is still unknown 
whether Nal-cNP can reverse opioid-overdose toxicity and prevent 
renarcotization, another phenomenon limiting the use of naloxone. 
Therefore, future studies will determine the ability of Nal-cNP to 
prevent renarcotization as well as respiratory depression using an 
overdose model with long-lasting synthetic opioids. Overall, the find-
ings from this study and our previous research (Kassick et al., 2019) 
support the theoretical framework of sustained naloxone delivery 
as a viable solution for opioid dependence with reduced side effects 
(e.g., withdrawal symptoms) compared to high-dose naloxone.
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