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Abstract: Background: Morin flavonoid exerts neuroprotective effects with potential interest in
neurodegenerative disorders. For this, the use of surface-modified polymeric nanoparticles loaded
with morin is an interesting approach.

Objective: To develop and validate an HPLC method for the quantification of morin released from
a new delivery system consisting of poly lactic-co-glycolic (PLGA) nanoparticles functionalized
with  the  dipeptide  phe-phe  (phenylalanine-phenylalanine)  used  to  facilitate  their  access  to  the
CNS.

Method: The HPLC procedure was developed and validated with morin hydrate dissolved either in
methanol (method A) or in methanol: 0.1N HCl (50:50, v/v, method B). Two new nanoparticle for-
mulations were developed and characterized: morin-loaded PLGA nanoparticles (formulation F1),
and morin-loaded PLGA phe-phe nanoparticles (formulation F2).

Results: Method A was linear within the concentration range of 5-30 µg mL-1 and, 1-30 µg mL-1

for method B. LOD and LOQ with method A were 1.23 µg.mL-1 and 3.90 µg mL-1, respectively,
and 0.481 µg.mL-1 and 1.458 µg mL-1, respectively for method B. The average amount of phe-phe
bound to formulation F2 (50 mg of NPs) was 431.33 µg. The encapsulation efficiency of morin
within PLGA nanoparticles was around 80%. After functionalization, this value decreased signifi-
cantly.

Conclusion: Method B showed better sensitivity, accuracy, and precision for the quantification of
morin. The procedure used to functionalize the nanoparticles was adequate for linking the dipep-
tide to

their surfaces, but this procedure is not adequate when encapsulating water-soluble compounds.
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1. INTRODUCTION
Morin  (3,5,7,2’,4’pentahydrxyflavone)  belongs  to  the

flavonoid group of phytochemicals.  Several  studies postu-
late the potential of flavonoids in the treatment of neurologi-
cal disorders such as Alzheimer´s or Parkinson´s diseases as
a consequence of their neuroprotective effects [1-3]. Abnor-
mal accumulation of proteins is a primary characteristic of
these  diseases  [4]  as  well  as  oxidative  stress  and neuroin-
flammation [5]. In this regard, flavonoids have proven to be
able to  reduce  the  formation  of  reactive  oxygen  species
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(ROS) and decrease pro-inflammatory factors such as TN-
F-α [6]. Moreover, among flavonoids, morin can inhibit the
glycogen synthase kinase 3-beta enzyme (GSK3β) involved
in  the  hyperphosphorylation of  tau  protein  in  Alzheimer´s
disease [1].

However,  due to the lack of  information regarding the 
ability of flavonoids to cross the blood-brain barrier (BBB), 
it is difficult to fully understand the mechanisms involved in 
their neuroprotective effects. There are very few studies in 
which the passage of flavonoids through the BBB has been 
addressed [7, 8], and in which only very small amounts of 
the compound were able to reach the brain [9]. To overcome 
this drawback and increase their passage through the BBB, 
the use of nanoparticles loaded with active ingredients, such 
as morin flavonoid, is a potentially valuable approach in the
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treatment of neurodegenerative disorders [10-12]. Poly lac-
tic-co-glycolic acid (PLGA) is a biodegradable and biocom-
patible polymer, approved by the FDA and widely used for
the preparation of both micro- and nano-particulate devices
as  delivery  systems  for  drugs,  proteins,  and  other  macro-
molecules such as RNA, DNA or peptides [13-15].  More-
over,  to  improve  the  passage  of  nanoparticles  across  the
BBB, different ligands such as transferrin, glucose or insulin
can  be  attached  to  their  surfaces  [16-19].  Among  them,
phenylalanine (phe), an essential amino acid, exhibits a high-
er  affinity to cerebral  tissue than to other  tissues [20,  21].
For instance, various nanosystems, including this amino acid
as a surface modifier, have been developed when targeting
the LAT1 receptor which is expressed in capillary endothe-
lial cells forming the BBB [22-24].

In this regard, we have developed a new formulation con-
sisting of morin hydrate-loaded PLGA nanoparticles (NPs)
without  and  with  functionalization  of  their  surfaces  with
phe-phe dipeptide, in order to overcome their passage across
the BBB and deliver the neuroprotective agent into the CNS.

However,  for  the  detection  and  quantification  of
flavonoids,  specifically  morin,  a  few  analytical  methods
have  been  reported.  The  HPLC  method  employed  by
Ikeuchi-Takahashi et al. [25] uses as mobile phase acetoni-
trile: 0.2% ortho-phosphoric acid in water (27:73, v/v) with
detection wavelength set at 250 nm but with no indication of
the calibration curve range used. In the method described by
El-Haddad et al. [26], the concentration range used to pre-
pare the calibration curve is 50-75 µg mL

-1

, which is not suit-
able to detect low concentrations. Taking into consideration
that detection of morin shows both low sensitivity and selec-
tivity, none of the previous methods would be adequate for
the  quantification  of  the  compound  when  encapsulated
within  polymeric  nanoparticles.

For this, we have developed a new HPLC method suit-
able for the quantification of morin either in the form of hy-
drate (method A) or hydrochloride (method B). In method 
A,  morin  hydrate  is  dissolved  in  methanol,  whereas  in 
method B, the flavonoid is initially dissolved in a mixture of 
methanol:HCl. In both cases, the method is validated and ap-
plied to the quantification of morin flavonoid encapsulated 
within the PLGA nanoparticle formulations developed in this 
work.

2. MATERIALS AND METHODS

2.1. Chemicals, Reagents, Materials, and Apparatus
Morin hydrate was purchased from Sigma Aldrich (Ma-

drid,  Spain).  PLGA  (Resomer  RG®502)  with  a  ratio  of
50:50 was purchased from Evonik (Essen,  Germany).  The
dipeptide  phenylalanine-phenylalanine  (phe-phe)  was  ob-
tained from Sigma-Aldrich (Madrid, Spain). Polyvinyl alco-
hol (PVA) Mw 72,000 Da was obtained from Merck (Ma-
drid, Spain). HPLC grade acetonitrile, methanol, and other
solvents were all of the analytical grade and purchased from
Panreac (Madrid, Spain). Water was purified by the Milli-Q
filtration system (Millipore, Madrid, Spain).

An HPLC chromatograph Jasco (Jasco International Co
Ltd,  Tokyo,  Japan)  equipped  with  an  LG-2080-04  quater-
nary low-gradient unit, a PU-2080 pump, a DG-2080- 54 De-
gasser,  an AS-2050-plus autosampler and a UV-2070 plus
UV/Vis detector was used. The fluorescence detector was a
Jasco FP-4025 (Jasco International Co Ltd,  Tokyo, Japan)
coupled to the HPLC system. The chromatographic column
used  was  a  Gemini®  5  µm  NX-C18,  250  mmx4.6  mm
(Phenomenex,  Madrid,  Spain)

2.2. Stability of Morin Hydrate
To  establish  the  analytical  conditions  for  the  develop-

ment of a simple and rapid HPLC method for the detection
and quantification of morin either in the form of hydrate or
hydrochloride,  and  encapsulated  within  PLGA  nanoparti-
cles, stability studies of morin in solution were initially per-
formed to identify the analyte in the presence of components
which could be present in the sample (impurities, degrada-
tion products). The procedure used involved the search for
possible  degradation  products  by  means  of  stress  stability
studies. For this, stability of morin hydrate in methanol solu-
tion at a concentration of 30 µg mL-1 was analysed under the
following stress conditions: 0.1N HCl at 60ºC for 24 h; 1N
NaOH at  105ºC for  20 min;  and oxidative conditions (3%
H2O2) for 24 h. Moreover, the stability of morin hydrate in
solution was tested after storage at room temperature (25ºC)
and at 4ºC for 24 h [Table 1]. All samples were prepared in
triplicate.
Table 1. Stability results.

  Conditions     Morin Recovery ± SD (%)
  25ºC, 24 h     103.42±0.57
  4ºC, 24 h     106.19±8.03

  0.1N HCl, 60ºC, 24 h     214.05±8.14
  1N NaOH, 105ºC, 20 min     2.85±0.86

  3% H2O2, 24 h     73.77±7.29

2.3. Sample Preparation
Standard solutions of morin hydrate were prepared either

in  methanol  (method (A)  or  in  a  mixture  of  methanol  and
0.1 N HCl (method B). In method A, morin hydrate was dis-
solved  in  methanol  at  a  concentration  of  100  µg  mL

-1

 and
from this, the calibration curve was prepared. Method B was
simultaneously developed to improve the sensitivity of the
detection of the flavonoid. In this case, morin hydrate was
dissolved in methanol: 0.1N HCl (50:50 v/v), to form the hy-
drochloride, at a concentration of 100 µg mL

-1

 under magnet-
ic  stirring  for  2  h.  Then,  this  solution  was  diluted  with
methanol  to  construct  the  calibration  curve.

2.4. Chromatographic Conditions
For the selection of the most adequate chromatographic

conditions, the following parameters were tested: the compo-
sition and pH of the mobile phase, flow rate, and effect of
the column temperature [Table 2].



Development and Validation of an HPLC Method Current Pharmaceutical Analysis, 2021 , Vol. 17 , No. 0    3

Table  2.  Chromatographic  conditions  assayed.  Tr:  retention
time.

        Parameter    Value   Recovery (%)   Tr (min)
           pH    2.3     109.24   8.02

   2.5     100.56   6.92
   2.6     95.54   7.11

Flow rate (mL min
-1

)    1.2     102.56   8.14
   1.4     100.56   6.92

      Mobile phase (% acetonitrile)    20     91.46   18.66
   27     100.56   6.92
   30     115.85   6.10

  Column temperature (±0.5ºC)    30     90.77   7.29
   40     99.66   6.92

2.5. Method Validation
Method validation was carried out according to the Inter-

national  Conference  on  Harmonization  (ICH)  guidelines
[27] with the preparation of morin samples being performed
either  in  methanol  (method  A)  or  in  methanol:  0.1N  HCl
(50:50, v/v, method B). In both cases, validation for lineari-
ty,  precision,  accuracy,  specificity,  detection  limit  (LOD)
and quantification limit (LOQ) was carried out.

2.5.1. Linearity
Calibration  curves  were  prepared  for  morin  hydrate  at

concentrations of 5, 10, 15, 20, and 30 µg mL
-1

 for method
A, and 1, 5, 10, 15, 20 and 30 µg mL

-1

 for method B. Each so-
lution  was  prepared  in  triplicate  and  injected  three  times.
Linearity was tested by linear regression using ANOVA.

2.5.2. Precision
Five replicate injections of three different concentrations

of morin and corresponding to both, method A and B were
used for evaluating the instrumental precision, repeatability
(intra-day)  and  intermediate  precision  (inter-day),  and  ex-
pressed as percentage relative standard deviation (%RSD).
Instrumental precision was evaluated after performing five
replicate injections of a sample containing the flavonoid at a
concentration  of  15  µg  mL

-1

.  Repeatability  (intra-day)  of
methods A and B was evaluated by analyzing three different
solutions of morin (5, 15 and 30 µg mL

-1

) on the same day.
Each solution was analyzed five times the same day under
the same experimental  conditions.  The intermediate preci-
sion (inter-day) was tested by analyzing three independent
solutions of the flavonoid (5, 15 and 30 µg mL

-1

) on three dif-
ferent days, with five runs carried out for each sample.

2.5.3. Accuracy/Recovery
Accuracy was determined based on the recovery (percen-

tage) of a known amount of morin. Different solutions of the
flavonoid (5, 15 and 30 µg mL

-1

) were prepared for method
A and B and injected into the chromatographic system. All
samples  were  prepared  in  triplicate.  The  accuracy  of  the
method  was  determined  by  comparing  the  concentration
found with the actual concentration and expressed in terms
of percentage relative standard deviation (% RSD).

2.5.4. Sensitivity
Both the limit of detection (LOD) and the limit of quanti-

fication (LOQ) were calculated according to the ICH guide-
lines  [27].  According  to  these  guidelines,  LOD  and  LOQ
can be calculated based on the standard deviation of the re-
sponse (standard error of the intercept) and the slope of the
calibration  curves.  Therefore,  for  the  calculation  of  LOD
and LOQ, the results of the ANOVA obtained from the cali-
bration curves were used. Calculations for LOD were then
based on the standard deviation of the calibration curve (σ)
and  the  slope  of  the  curve  (S),  by  means  of  the  equation
LOD= 3.3× σ/S. LOQ was calculated from the equation: LO-
Q=10 x σ/S. Once LOD and LOQ were estimated, samples
with  similar  concentrations  to  their  values  were  analyzed
five times to check the values obtained.

2.6. Preparation of Morin Nanoparticles

2.6.1. Preparation of Morin-Loaded PLGA Nanoparticles
Morin-loaded PLGA nanoparticles  (formulation 1,  F1)

were prepared by the solvent extraction-evaporation method.
Briefly; an amount of 5 mg of morin hydrate was dissolved
in 100 µL DMSO, and added to 2 mL CH2Cl2. Then, 50 mg
of PLGA 502 were dissolved in the CH2Cl2 solution. This so-
lution was added over 4 mL of 1% PVA and sonicated for
10 min. The organic solvent was removed under magnetic
stirring for 4 h. Nanoparticles (NPs) were washed with wa-
ter and centrifuged (Sorvall ST 8R centrifuge, Thermo Scien-
tific, Waltham, USA) at 13.000 rpm for 30 min. Finally, the
NPs were resuspended in 1 mL of 1% sucrose solution and
freeze-dried for 24 h. Three batches of formulation F1 were
prepared.

2.6.2. Preparation of Morin-Loaded PLGA-phe-phe Nano-
particles

Morin-loaded PLGA-phe-phe nanoparticles (formulation
2, F2) were prepared with the same solvent extraction-evapo-
ration method, but with NPs functionalized with the dipep-
tide  phe-phe.  For  this,  and  according  to  the  method  de-
scribed by Constantino et al. [28], the union between the car-
boxylic group of the polymer and the terminal amine group
of phe-phe was achieved by activating the carboxylic group
of PLGA after the formation of an ester bond with N-hydrox-
ysuccinimide  (NHS)  in  the  presence  of  N’-ethylcarbodi-
imide hydrochloride (EDC) in acidic medium. Three batches
of formulation F2 were prepared.

2.6.3. Quantification of Bound Peptide
Indirect quantification of the amount of phe-phe bound

to the NPs was performed. For this, the supernatant contain-
ing  the  unbound  peptide  was  analyzed  according  to  the
method described by Neurauter et al. [29], with the fluores-
cence detector set  at  210 nm excitation and 302 nm emis-
sion. The calibration curve used for this quantification (50,
100,  250,  300,  400  and  500  µg  mL

-1

)  was  y  =
35447+638.32x  (r2  =  0.9991).
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2.6.4.  Quantification  of  Morin  Encapsulated  within  the
Nanoparticles

Nanoparticles (formulation F1) and morin hydrate-load-
ed PLGA nanoparticles functionalized with phe-phe dipep-
tide  (formulation  F2).  The  dipeptide  was  used  to  improve
their passage across the BBB and deliver the neuroprotec-
tive agent to the CNS.

To quantify morin encapsulated within the nanoparticle 
formulations developed, an adequate analytical method is re-
quired. For this, and in order to establish the best analytical 
conditions for the HPLC analysis of morin samples, a prelim-
inary study was conducted under stress conditions to detect 
all possible degradation events occurring when a solution of 
morin hydrate is dissolved in methanol (concentration 30 µg 
mL

-1

).  From  the  results  obtained  it  was  found  that  under 
oxidative and basic conditions mean recovery of morin was 
74±7% and 3±0.8%, respectively (Table 1). The results ob-
tained  in  basic  conditions  were  as  expected  and  in  agree-
ment with those described by other authors [30], which have 
demonstrated that morin is very unstable at high pH values, 
with decomposition occurring by a sequence of multistep re-
actions under basic conditions. However, under acidic condi-
tions (0.1N HCl at 60ºC for 24 h), morin recovery was high-
er than expected (214 ± 8%), a result that led us to the devel-
opment and validation of an analytical method adapted for 
the quantification of morin hydrate (method A) in which the 
flavonoid is dissolved in methanol, and another version of 
the  latter,  named  as  method  B,  in  which  morin  hydrate  is 
firstly dissolved in methanol:0.1N HCl (50:50, v/v), as an an-
alytical approach to increase the sensitivity of morin detec-
tion by HPLC.

Both  formulations  of  morin-loaded  NPs  (F1  and  F2)
were  analysed  by  means  of  the  HPLC method  (method  A
and B) previously described. Tests were performed in tripli-
cate.

The amount of morin encapsulated within the NPs was
determined by weighing an  exact  amount  (10  mg)  of  NPs
which were dissolved in 1 mL CH2Cl2. PLGA was precipitat-
ed with methanol (4 mL) and separated by centrifugation at
13,000 rpm for 5 min. Then, 1 mL of the methanol solution
was drawn from each sample and used for the HPLC analy-
sis. Finally, the morin content of each formulation was quan-
tified using methods A and B.

Encapsulation  efficacy  (EE%)  of  the  flavonoid  within
formulations F1 and F2 was calculated as the ratio between
the amount of morin content in the NPs and the amount of
drug used for their preparation and expressed as percentage.

3. RESULTS AND DISCUSSION
Morin,  a  phytochemical  flavonoid,  exerts  neuroprotec-

tive effects with potential interest when treating neurodegen-
erative disorders such as Alzheimer´s or Parkinson´s diseas-
es.

For this, we have developed a new drug delivery system 
consisting of morin hydrate-loaded PLGA Chromatograms 
obtained after storage of morin solutions at 25ºC and 4ºC for 
24 h (chromatographs not shown) were similar to those ob-
tained right after preparation of a morin solution of the 
same concentration (30 µg mL-1) by methods A and B (Fig.
1).

Under these conditions (25ºC for 24 h and 4ºC for and
B, respectively. By means of Students t-test the 24 h), mean
morin recovery was found to be 103±0.6% and 106±8%, re-
spectively (Table 1).

For the selection of the best chromatographic conditions,
the  following  parameters  were  analyzed:  composition  and
pH of the mobile phase, flow rate, and column temperature
(Table  2).  In  method  A,  when  the  effect  of  the  pH  was
studied within the range of 2.3 and 2.6, the highest value re-
sulted in a chromatographic peak with a hump, whereas the
lowest pH value tested resulted in smaller and less symmetri-
cal peaks (chromatographs not shown). From our results, the
pH  value  selected  was  2.5,  for  which  a  well-defined  and
symmetrical peak was obtained. The pH value was a key fac-
tor to obtain better peak resolution.

The effect of the mobile phase composition (acetonitrile:
water) was also analyzed. With the lower proportion of ace-
tonitrile  assayed (20%),  the peak of  morin eluted at  18.66
min,  whereas  when  acetonitrile  was  incorporated  at  30%,
the retention time was close to the solvent elution (chromato-
graphs  not  shown).  Finally,  the  composition  selected  was
27% acetonitrile:73% water, with the pH of water adjusted
at pH 2.5±0.05 with phosphoric acid. With this, a retention
time of 6.92 min was obtained for morin (Table 2).

When two different flow rates of the mobile phase were
analyzed  (1.2  and  1.4  mL  min

-1

),  the  best  resolution  was
achieved with a flow rate of 1.4 mL min

-1

, resulting in reten-
tion time for the flavonoid of 6.92 min (Table 2). The same
retention time resulted when keeping the column tempera-
ture at 40ºC.

From the results obtained the final chromatographic con-
ditions selected for methods A and B were as follows: the
mobile  phase  was  composed  of  acetonitrile:water  (27:73,
v/v) with the pH of water adjusted to 2.5±0.05 with phos-
phoric acid. Flow rate was 1.4 mL min

-1

 and the injection vol-
ume 50 µL. The mobile phase was vacuum- filtered through
0.45 µm nylon membranes (Millipore, Madrid, Spain) and
degassed by ultrasonication for 20 min before use. The chro-
matographic column used was Gemini®

5 µm NX-C18, 250 mmx4.6 mm (Phenomenex, Madrid,
Spain).  The temperature of  the column was fixed at  40ºC.
The detection wavelength was set 256 nm and the total run
time was 20 min.

Under  these  analytical  conditions,  a  retention  time  of
6.79 min, a symmetry factor of 0.77 and a value of 2936 for
the theoretical plates were obtained by method A [Table 3].
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Fig. (1). Typical chromatograms corresponding to a standard solution of morin (30 µg mL
-1

) and analyzed by methods A and B.

Table 3. Linearity results.

Method A Method B

Range (µl mL
-1

) 5-30 1-30

Slope 28026.95 61986.31
Standard error of the slope 602.689 544.691

Intercept 9515.80 -4625.74
Standard error of the intercept 10948.40 9035.41

Correlation coefficient (r) 0.9970 0.9993
Determination coefficient (r2) 0.9940 0.9987

F-ANOVA test regression (p- value) 2162.54
(0.0000)

12950.63
(0.0000)

t-Stadistic intercept (p-value) 0.8691
(0.4005)

-0.5119
(0.6157)

t-Stadistic slope (p-value) 46.5031
(0.0000)

113.8008
(0.0000)

R (R>2) 7.71 13.91
Theorical plates (N>2,000) 2936 4032

Tailing factor (T<2) 0.77 1.09
Retention time (min) 6.79 6.92

When morin was prepared in methanol:0,1N HCl (50:50,
v/v),  which corresponds to method B, the same chromato-
graphic  conditions  were  analysed  with  similar  results  ob-
tained.  In  this  case,  the  peak of  morin  eluted at  6.92 min,

with a symmetry factor of 1.09 and 4000 theoretical plates
[Table 3].

Once established the chromatographic conditions, the lin-
earity of method A and B was checked within concentration
ranges of 5-30 µg mL

-1

 for method A and 1-30 µg mL
-1

 for
method B. Both standard calibration curves were linear over
the concentration ranges studied (Table 3) with correlation
coefficients of 0.9970 and 0.9993 for method A proportional-
ity (p > 0.005) and regression (p < 0.005) of the method A
and  B  was  determined.  Therefore,  according  to  statistical
analysis by ANOVA, the curves were linear with p<0.005
however,  the  lower  concentration  range  found  linear  in
method B suits better our purposes of detecting and quantify-
ing morin encapsulated within nanoparticulate delivery sys-
tems.

Measurement of intra-day and inter-day precision was ex-
pressed as a percentage relative standard deviation (% RS-
D).  The  results  obtained  are  depicted  in  Table  4.  With
method A, inter-day and intra-day precision ranged between
5.50-6.80%  and  2.10-6.20%,  respectively,  whereas  with
method B, RSD values for inter-day and intra-day precision
ranged between 2.20-3.40 and 0.90-3.50%. In both cases ade-
quate  values  were  obtained  however,  method  B  exhibited
better performance in terms of precision.
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Table 4. Precision results obtained for method A and B. RSD (relative standard deviation), RE (relative error).

     Morin Concentration                          Intra-day                          Inter-day

     (µg.mL
-1

)       Mean recovery (%)    RSD
    (%)

    RE
    (%)

      Mean recovery (%)    RSD
    (%)

    RE
    (%)

Method A
5       99.71    6.20    -0.28       95.95 6.77    -4.09

     15       104.20    3.66     4.20       102.55 5.50    2.55
     30       104.60    2.10     4.60       105.49 5.63    5.48

Method B
5       98.11    3.54    -1.89       97.12 3.13    -2.87

     15       100.30    0.92     0.30       100.08 2.18    0.08
     30       100.90    2.47     0.90       97.34 3.38    -2.65

Table 5. Accuracy results.

Method A Method B

Morin (µg mL
-1

) Recovery (µg mL
-1

) Recovery (%) Mean ± SD %RSD Recovery (µg mL
-1

) Recovery (%) Mean ± SD %RSD
1 - -

-
1.03 103.28

100.3± 2.98
2.97%1 - - 1.00 100.30

1 - - 0.97 97.32
5 5.34 106.91

102.44 ± 5.08
4.96%

4.86 97.26
99.94 ± 2.37

2.38%5 5.17 103.48 5.04 100.8
5 4.84 96.91 4.84 96.72
10 10.28 102.84

92.90 ± 9.99
10.72%

10.22 102.21
101.46 ± 2.74

2.70%10 8.28 82.85 9.84 98.42
10 9.30 93.02 10.37 103.74
15 14.57 97.13

97.40 ± 1.21
1.24%

15.50 103.37
100.83 ± 2.41

2.38%15 14.45 96.36 14.79 98.57
15 14.81 98.73 15.08 100.55
20 20.38 101.92

95.58 ± 5.49
5.74%

20.61 103.04
100.67 ± 2.07

2.06%20 18.50 92.50 19.85 99.24
20 18.46 92.31 19.94 99.72
30 29.32 97.73

97.02 ± 2.01
2.07%

29.51 98.37
99.47 ± 2.15

2.16%30 28.42 94.75 29.43 98.10
30 29.57 98.58 30.58 101.94

Moreover, low RSD values were obtained with method
B for all the concentrations assayed (1-30 µg.mL

-1

), thereby
indicating low variability of the analytical method and ade-
quate agreement between experimental and theoretical val-
ues.  Regarding  accuracy,  the  results  obtained  (Table  5)
show that recovery ranged from 83% to 107% for method A,
but with RSD values as high as 10.7%, whereas for method
B, recovery ranged from 91% to 103% with RSD values low-
er  than 3.6%, thereby indicating the  suitable  accuracy ob-
tained with method B.

With respect to sensitivity, the values obtained for LOD
and  LOQ  with  method  A  were  1.2  µg.mL-1  and  3.90  µg
mL-1, and 0.5 µg.mL-1 and 1.5 µg mL-1, for method B, respec-
tively.  For  the  determination  of  LOD  and  LOQ  samples
were analyzed five times with the results obtained being sim-

ilar to the theoretical concentrations used in method A and 
B. Taking into consideration that our objective was to devel-
op  a  new  nanoparticulate  delivery  system  for  morin 
flavonoid, and in order to be able to detect and quantify the 
probable  small  amounts  of  flavonoid  encapsulated  within 
the NPs, method B exhibits better sensitivity than method A.

Once method validation was conducted, method A and
method B were used for the quantification of morin encapsu-
lated within the PLGA nanoparticle formulations developed:
morin-loaded PLGA NPs (formulation F1) and morin-load-
ed PLGA-phe-phe NPs (formulation F2).

Figure 2 shows a chromatogram obtained after analyzing
a sample containing phe-phe bound to PLGA nanoparticles,
in which a well-defined peak for the dipeptide is observed.
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Fig. (2). Typical fluorescence chromatogram corresponding to a sample of phe-phe-linked nanoparticles.

Fig. (3). Mean results (± SD) of the amount of phe-phe dipeptide bound and the amount of morin encapsulated within PLGA nanoparticles.
F1: morin-loaded PLGA nanoparticles, F2: Morin- loaded PLGA-phe-phe nanoparticles. phe-phe: phenylalanine- phenylalanine.
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Fig. (4). Mean results (± SD) of the encapsulation efficiency (EE%) of morin within PLGA nanoparticles. F1: morin-loaded PLGA nanoparti-
cles, F2: Morin-loaded PLGA-phe-phe nanoparticles. phe-phe: phenylalanine-phenylalanine.

Indirect quantification of the amount of phe-phe bound
to  the  NPs  was  performed  according  to  the  method  de-
scribed by Neurauter et al. [29]. The average amount of phe-
phe  bound  to  formulation  F2  (50  mg of  NPs)  was  around
430±50 µg as calculated by HPLC with fluorescence detec-
tion (Fig. 3).

Fig. (4). Shows the mean results (± SD) obtained for the
encapsulation efficiency (EE%) of morin within PLGA nano-
particles and corresponding to formulations F1 (morin- load-
ed PLGA nanoparticles) and F2 (morin-loaded PLGA- phe-
phe nanoparticles).

When morin-loaded NPs were prepared without phe-phe 
(formulation F1), the values obtained for the encapsulation 
efficiency were high and around 80% (79±6% and 82±1%
from method A and B). However, when phe-phe was bound 
to the NPs (formulation F2) encapsulation efficiency was sig-
nificantly  reduced,  with  mean  values  of  7±4%  and  7±1%
when analyzed by methods A and B, respectively. This de-
crease in the encapsulation efficiency was probably caused 
by  the  ligand-binding  process  which  is  performed  mean-
while the NPs are being loaded with the flavonoid under stir-
ring in an acidic medium, in which morin is soluble. More-
over, this process also requires 24 h of keeping suspended in 
water the nanoparticles as well as 3 h for attaching the dipep-
tide to their surfaces. During this time, it is possible that  
part of the encapsulated morin is lost.

Our results have demonstrated that treating the samples
with methanol and HCl 0.1N (50:50 v/v) increases the preci-
sion  and  sensitivity  of  the  HPLC  determination  of  morin,

that when compared with other published analytical methods 
for  the  compound,  is  a  clear  advantage,  which  in  turn  be-
comes specially important when dealing with nanoparticu-
late systems in which the amounts of drugs encapsulated are 
very small.

CONCLUSION
The HPLC method developed, validated, and adapted for

the quantification of morin flavonoid, either in the form of
hydrate (method A) or hydrochloride (method B), is adequ-
ate  for  the  quantification  of  the  flavonoid  encapsulated
within  PLGA  nanoparticles.  However,  with  method  B,  in
which the flavonoid is initially dissolved in methanol:0.1N
HCl (50:50, v/v) better sensitivity, accuracy, and precision
are achieved, therefore; the use of HCl resulted to be a key
point  to  improve  the  HPLC  quantification  of  morin
flavonoid  in  a  complex  formulation  (polymeric  nanoparti-
cles).

A new formulation consisting of morin hydrate-loaded 
PLGA nanoparticles is developed with the method used to 
functionalize the nanoparticles proven to be suitable for link-
ing  the  dipeptide  phe-phe  to  their  surfaces.  However,  this 
functionalization procedure is not adequate for nanoparticles 
containing water-soluble compounds, therefore; further re-
search is needed. One approach could be to perform BBB 
tests to evaluate whether the formulation can access the 
CNS, or another approach could be to evaluate if binding the 
peptide to the polymer before the nanoparticles are prepared 
improves the efficiency of this process.
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LIST OF ABBREVIATIONS

BBB = Blood-Brain Barrier
CNS = Central Nervous System
EDC = Ethylcarbodihimiide
EE% = Encapsulation Efficiency
F1 = Formulation1; morin-loaded PLGA nanoparti-

cles
F2 = Formulation 2; morin-loaded PLGA-phe-phe

NPs
HPLC = High Performance Liquid Chromatography
LOD = Limit of Detection
LOQ = Limit of Quantification
NHS = N-hidroxysucciniimide
NPs = Nanoparticles
phe-phe = phenylalanine-phenylalanine
PLGA = Polylactic-co-glycolic acid
PVA = Polyvinyl Alcohol
RSD = Relative Standard Deviation

ETHICAL APPROVAL AND CONSENT TO PARTICI-
PATE

Not applicable.

HUMAN AND ANIMAL RIGHTS
No Animals/Humans were used for studies that are the

basis of this research.

CONSENT FOR PUBLICATION
Not applicable.

AVAILABILITY OF DATA AND MATERIALS
Not applicable.

FUNDING
This work was partially supported by Complutense Uni-

versity Research Group 910939.

CONFLICT OF INTEREST
The authors report no conflict of interest.

ACKNOWLEDGEMENTS
Declared none.

REFERENCES

Gong,  E.J.;  Park,  H.R.;  Kim,  M.E.;  Piao,  S.;  Lee,  E.;  Jo,  D.G.;[1]
Chung, H.Y.; Ha, N.C.; Mattson, M.P.; Lee, J. Morin attenuates
tau hyperphosphorylation by inhibiting GSK3β. Neurobiol. Dis.,
2011, 44(2), 223-230.
[http://dx.doi.org/10.1016/j.nbd.2011.07.005] [PMID: 21782947]

Waddad, A.Y.; Abbad, S.; Yu, F.; Munyendo, W.L.L.; Wang, J.;[2]
Lv, H.; Zhou, J. Formulation, characterization and pharmacokinet-
ics of Morin hydrate niosomes prepared from various non-ionic
surfactants. Int. J. Pharm., 2013, 456(2), 446-458.
[http://dx.doi.org/10.1016/j.ijpharm.2013.08.040]  [PMID:
23998955]
Abbad, S.; Wang, C.; Waddad, A.Y.; Lv, H.; Zhou, J. Preparation,[3]
in vitro and in vivo evaluation of polymeric nanoparticles based
on hyaluronic acid-poly(butyl cyanoacrylate) and D-alpha-tocoph-
eryl polyethylene glycol 1000 succinate for tumor-targeted deliv-
ery of morin hydrate. Int. J. Nanomedicine, 2015, 10, 305-320.
[PMID: 25609946]
De Andrade Teles, R.B.; Diniz, T.C.; Costa Pinto, T.C.; de Olivei-[4]
ra, R.G.; Gama e Silva, M.; de Labor, E.M.; Fernandes, A.W.C.;
de Oliveira, A.P.; de Almeida Ribeiro, F.P.R.; da Silva, A.A.M.
Flavonoids as therapeutic agents in Alzheimer’s and Parkinson’s
diseases: A systematic review of preclinical evidences. Oxid. Med.
Cell. Longev, 2018, 7043213.
[http://dx.doi.org/10.1155/2018/7043213]
Wang, D.; Hu, M.; Li, X.; Zhang, D.; Chen, C.; Fu, J.; Shao, S.;[5]
Shi, G.; Zhou, Y.; Wu, S.; Zhang, T. Design, synthesis, and evalua-
tion of isoflavone analogs as multifunctional agents for the treat-
ment  of  Alzheimer’s  disease.  Eur.  J.  Med.  Chem.,  2019,  168,
207-220.
[http://dx.doi.org/10.1016/j.ejmech.2019.02.053]  [PMID:
30822710]
Monteiro,  A.F.M.;  Viana,  J.O.;  Nayarisseri,  A.;  Zondegoumba,[6]
E.N.; Mendonça Junior, F.J.B.; Scotti, M.T.; Scotti, L. Computa-
tional  studies  applied  to  flavonoids  against  Alzheimer’s  and
Parkinson’s  diseases.  Oxid.  Med.  Cell.  Longev.,  2018,
20187912765
[http://dx.doi.org/10.1155/2018/7912765] [PMID: 30693065]
Suganuma, M.; Okabe, S.; Oniyama, M.; Tada, Y.; Ito, H.; Fujiki,[7]
H. Wide distribution of [3H](-)-epigallocatechin gallate, a cancer
preventive tea polyphenol, in mouse tissue. Carcinogenesis, 1998,
19(10), 1771-1776.
[http://dx.doi.org/10.1093/carcin/19.10.1771] [PMID: 9806157]
Youdim, K.A.; Qaiser, M.Z.; Begley, D.J.; Rice-Evans, C.A.; Ab-[8]
bott, N.J. Flavonoid permeability across an in situ model of the
blood-brain barrier. Free Radic. Biol. Med., 2004, 36(5), 592-604.
[http://dx.doi.org/10.1016/j.freeradbiomed.2003.11.023]  [PMID:
14980703]
Allegra, M.; Carletti, F.; Gambino, G.; Tutone, M.; Attanzio, A.;[9]
Tesoriere,  L.;  Ferraro,  G.;  Sardo,  P.;  Almerico,  A.M.;  Livrea,
M.A. Indicaxanthin from Opuntia ficus-indica Crosses the Blood-
-Brain Barrier and Modulates Neuronal Bioelectric Activity in Rat
Hippocampus  at  Dietary-Consistent  Amounts.  J.  Agric.  Food
Chem., 2015, 63(33), 7353-7360.
[http://dx.doi.org/10.1021/acs.jafc.5b02612] [PMID: 26227670]
Kabanov, A.V.; Gendelman, H.E. Nanomedicine in the diagnosis[10]
and  therapy  of  neurodegenerative  disorders.  Prog.  Polym.  Sci.,
2007, 32(8-9), 1054-1082.
[http://dx.doi.org/10.1016/j.progpolymsci.2007.05.014]  [PMID:
20234846]
Modi, G.; Pillay, V.; Choonara, Y.E. Advances in the treatment of[11]
neurodegenerative disorders employing nanotechnology. Ann. N.
Y. Acad. Sci., 2010, 1184, 154-172.
[http://dx.doi.org/10.1111/j.1749-6632.2009.05108.x]  [PMID:
20146696]
Saraiva, C.; Praça, C.; Ferreira, R.; Santos, T.; Ferreira, L.; Ber-[12]
nardino, L. Nanoparticle-mediated brain drug delivery: Overcom-
ing blood-brain barrier to treat neurodegenerative diseases. J. Con-
trol. Release, 2016, 235, 34-47.
[http://dx.doi.org/10.1016/j.jconrel.2016.05.044]  [PMID:
27208862]
Jain, R.A. The manufacturing techniques of various drug loaded[13]
biodegradable poly(lactide-co-glycolide) (PLGA) devices. Bioma-
terials, 2000, 21(23), 2475-2490.
[http://dx.doi.org/10.1016/S0142-9612(00)00115-0]  [PMID:
11055295]
Ruhe, P.Q.; Hedberg, E.L.; Padron, N.T.; Spauwen, P.H.; Jansen,[14]
J.A.; Mikos, A.G. rhBMP-2 release from injectable poly(DL-lac-
tic-co-glycolic  acid)/calcium-phosphate  cement  composites.  J.



10   Current Pharmaceutical Analysis, 2021 , Vol. 17 , No. 0 Alonso et al.

Bone Joint Surg. Am., 2003, 85-A(Suppl. 3), 75-81.
[http://dx.doi.org/10.2106/00004623-200300003-00013]  [PMID:
12925613]
Mundargi, R.C.; Babu, V.R.; Rangaswamy, V.; Patel, P.; Aminab-[15]
havi, T.M. Nano/micro technologies for delivering macromolecu-
lar therapeutics using poly(D,L-lactide-co-glycolide) and its deri-
vatives. J. Control. Release, 2008, 125(3), 193-209.
[http://dx.doi.org/10.1016/j.jconrel.2007.09.013]  [PMID:
18083265]
Gromnicova, R.; Davies, H.A.; Sreekanthreddy, P.; Romero, I.A.;[16]
Lund, T.; Roitt,  I.M.; Phillips, J.B.; Male, D.K. Glucose-coated
gold nanoparticles transfer across human brain endothelium and
enter astrocytes in vitro. PLoS One, 2013, 8(12)e81043
[http://dx.doi.org/10.1371/journal.pone.0081043]  [PMID:
24339894]
Wiley, D.T.; Webster, P.; Gale, A.; Davis, M.E. Transcytosis and[17]
brain uptake of transferrin-containing nanoparticles by tuning avid-
ity  to  transferrin  receptor.  Proc.  Natl.  Acad.  Sci.  USA,  2013,
110(21), 8662-8667.
[http://dx.doi.org/10.1073/pnas.1307152110] [PMID: 23650374]
Shilo, M.; Motiei, M.; Hana, P.; Popovtzer, R. Transport of nano-[18]
particles through the blood-brain barrier for imaging and therapeu-
tic applications. Nanoscale, 2014, 6(4), 2146-2152.
[http://dx.doi.org/10.1039/C3NR04878K] [PMID: 24362586]
Clark, A.J.; Davis, M.E. Increased brain uptake of targeted nano-[19]
particles by adding an acid-cleavable linkage between transferrin
and  the  nanoparticle  core.  Proc.  Natl.  Acad.  Sci.  USA,  2015,
112(40), 12486-12491.
[http://dx.doi.org/10.1073/pnas.1517048112] [PMID: 26392563]
Momma, S.; Aoyagi, M.; Rapoport, S.I.; Smith, Q.R. Phenylala-[20]
nine transport across the blood-brain barrier as studied with the in
situ  brain  perfusion  technique.  J.  Neurochem.,  1987,  48(4),
1291-1300.
[http://dx.doi.org/10.1111/j.1471-4159.1987.tb05660.x]  [PMID:
3819731]
Gaudiner, R.M. Transport of amino acids across the blood-brain[21]
barrier  implication  of  maternal  phenylketonuria.  J  Inh.  Metab.
Dis., 1990, 13(4), 627-633.
Vyas,  A.;  Jain,  A.;  Hurkat,  P.;  Jain,  A.;  Jain,  S.K. Targeting of[22]
AIDS  related  encephalopathy  using  phenylalanine  anchored  li-
pidic  nanocarrier.  Colloids  Surf.  B  Biointerfaces,  2015,  131,
155-161.

[http://dx.doi.org/10.1016/j.colsurfb.2015.04.049]  [PMID:
25988279]
Kou,  L.;  Bhutia,  Y.D.;  Yao,  Q.;  He,  Z.;  Sun,  J.;  Ganapathy,  V.[23]
Transporter-guided  delivery  of  nanoparticles  to  improve  drug
permeation across cellular barriers and drug exposure to selective
cell types. Front. Pharmacol., 2018, 9, 27.
[http://dx.doi.org/10.3389/fphar.2018.00027] [PMID: 29434548]
He, Q.; Liu, J.; Liang, J.; Liu, X.; Li, W.; Liu, Z.; Ding, Z.; Tuo,[24]
D.;  Du,  T.  Towards  Improvements  for  penetrating  blood-  brain
barrier–recent progress from a material and pharmaceutical per-
spective. Cells, 2018, 7(4), 24.
[http://dx.doi.org/10.3390/cells7040024] [PMID: 29570659]
Ikeuchi-Takahashi, Y.; Ishihara, C.; Onishi, H. Formulation and[25]
evaluation of morin-loaded solid lipid nanoparticles. Biol. Pharm.
Bull., 2016, 39(9), 1514-1522.
[http://dx.doi.org/10.1248/bpb.b16-00300] [PMID: 27320782]
El-Haddad, A.E.; Sheta, N.M.; Boshra, S.A. Isolation, formula-[26]
tion,  and  efficacy  enhancement  of  morin  emulsified  carriers
against  lung toxicity in rats.  AAPS PharmSciTech,  2018,  19(5),
2346-2357.
[http://dx.doi.org/10.1208/s12249-018-1072-6]  [PMID:
29869310]
International Conference on Harmonization of Technical Require-[27]
ments for Registration of Pharmaceuticals for Human Use (ICH),
Guideline Q2B R1: Validation of Analytical procedures: Text and
Methodology, Geneva, Switzerland. , 2005.
Costantino, L.; Gandolfi, F.; Tosi, G.; Rivasi, F.; Vandelli, M.A.;[28]
Forni, F. Peptide-derivatized biodegradable nanoparticles able to
cross the blood-brain barrier. J. Control. Release, 2005, 108(1),
84-96.
[http://dx.doi.org/10.1016/j.jconrel.2005.07.013]  [PMID:
16154222]
Neurauter, G.; Scholl-Bürgi, S.; Haara, A.; Geisler, S.; Mayers-[29]
bach, P.; Schennach, H.; Fuchs, D. Simultaneous measurement of
phenylalanine and tyrosine by high performance liquid chromatog-
raphy (HPLC) with fluorescence detection. Clin. Biochem., 2013,
46(18), 1848-1851.
[http://dx.doi.org/10.1016/j.clinbiochem.2013.10.015]  [PMID:
24183885]
Bark, K.M.; Im, S.E.; Seo, J.J.; Park, O.H.; Park, C.H.; Park, H.R.[30]
Spectroscopic on the stability of morin in aqueous solution. Bull.
Korean Chem. Soc., 2015, 36, 498-502.




