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Abstract 

Background  Wound healing is a natural but complex process that can be delayed by infection. Rosuvastatin calcium 
(RVS) is an anti-hyperlipidemic that was recently reported to have a wound healing capability. The study aimed 
to investigate the impact of combining RVS with Levofloxacin (LV) on wound healing. A physically crosslinked polyvi‑
nyl alcohol (PVA) film loaded with RVS and LV was formulated as wound dressing. Formulation optimization was car‑
ried out using Box–Behnken design. The effect of independent variables (PVA and propylene glycol concentrations 
and the number of freeze–thaw cycles) on tensile strength (TS), elongation to break (%EB) and in vitro drugs’ release 
was studied. For simultaneous RVS and LV quantification in the formulations and pure form, three spectrophotomet‑
ric methods: derivative of ratio spectrophotometry, first derivative and mean centering, were developed. Also, their 
greenness was evaluated by the Analytical Eco-Scale and the Green Analytical Procedure Index. Then, the wound 
healing effect of the optimized wound dressing was evaluated in rat models.

Results  The optimized dressing had sufficient mechanical strength (9.45 ± 0.67 MPa), adequate flexibility 
(112.6 ± 3.8% EB) and suitable drug release (52.3 ± 1.4% for LV and 38.99 ± 1.6% for RVS after 12 h). The proposed 
methods were validated following ICH guidelines, and greenness assessment suggested their very low environmen‑
tal effect. The wound healing evaluation showed a higher wound contraction percentage when RVS was combined 
to LV. A histopathological study confirmed marked improvement in animals treated with combined formula with low‑
est inflammatory infiltration and optimum epithelialization, compared to other groups.

Conclusion  Study findings suggest that combined LV-RVS dressing would be a beneficial platform with potentiated 
wound healing capacity.
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Graphic abstract

Background
Wounds, especially chronic ones, represent one of 
the greatest problems that significantly impact pub-
lic health. Wound healing involves complex biological 
processes (inflammation, revascularization, hemosta-
sis, proliferation and remodeling) to restore the normal 
structure and functions of the damaged skin which may 
extend to several months. Moreover, the susceptibility 
of wounds to infections with antibiotic-resistant bac-
teria could delay wound healing [1, 2]. Several wound 
healing modalities were used to promote/potentiate 
wound healing and to prevent bacterial infection. How-
ever, a need for more rapid wound healing together 
with adequate protection of the wound site from vari-
ous infecting organisms is still required.

Levofloxacin (LV) is a slightly soluble broad-spec-
trum fluoroquinolone antibiotic with proven efficacy in 
the treatment of infected wounds [3, 4]. RVS is an anti-
hyperlipidemic drug that gained attention for its wound 
healing ability. RVS reverses wound healing inhibitors 
such as farnesyl pyrophosphate (FPP) and potentiates 
vascular endothelial growth factor, an important step 
for new blood vessel production [5, 6]. Moreover, it has 
demonstrated an antimicrobial effect against Staphy-
lococcus  aureus through interference with bacterial 
protein synthesis [7]. It was reported that combining 
RVS with LV has a synergistic action against the micro-
bial strains that commonly infiltrate infected wounds. 
Therefore, topical wound healing platforms containing 
both drugs would gain the merits of promoted tissue 
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regeneration by RVS, antibacterial property of not only 
LV but also the synergistic antibacterial effect of such 
combination [8, 9].

Polymeric films were utilized as dressing due to their 
ability to restore normal cellular function of damaged tis-
sue [10, 11]. Film-based dressings offer many advantages, 
including the ability to maintain the proper moisture bal-
ance in the wound environment together with flexible 
properties that could be modified to match requirements 
for ideal wound healing [12]. PVA-based dressings were 
proposed in many studies. Crosslinking of PVA hydro-
gels can provide controlled drug release and enhanced 
mechanical properties. However, chemical crosslinking 
can be a source of impurities that would harm and infect 
open wounds. So, physical crosslinking would be a bet-
ter alternative as a biocompatible, non-toxic eco-friendly 
method [9, 13, 14].

There are analytical techniques that have been pro-
posed to determine each of RVS and LV including 
spectrophotometry [15, 16], colorimetry [17], fluorim-
etry [18] and electrochemical methods [19] In addition, 
chromatographic methods have also been reported for 
cited drug determination including HPLC [20, 21], TLC 
[22] and LC–mass spectrometry [23]. A comprehensive 
search of the literature revealed the lack of an analytical 
technique for the simultaneous determination of LV and 
RSV. Also, to our knowledge, a wound dressing formu-
lation that combines both drugs has not been reported 
before. Hence, the present study is designed to inves-
tigate the impact of combining RVS with LV on wound 
healing along with developing a new analytical technique 
for the determination of RVS and LV in this new com-
bination. Eco-friendly spectrophotometric methods are 
proposed for the simultaneous determination of both 
drugs in new wound dressing formulation. Moreover, the 
developed analytical approach is required as a means of 
evaluating the pharmaceutical properties of the dressing 
formulations. So, the spectrophotometric technique was 
specifically chosen due to its simplicity, short analysis 
time, cost-effectiveness and eco-friendliness. These are 
the most critical factors due to the large number of dis-
solution samples. Optimized dressing was designed using 
Box–Behnken design. The effect of formulation factors 
(PVA and PG concentrations and number of FT cycles) 
on TS, %EB and in vitro drugs released from the prepared 
wound dressings was investigated. Finally, optimized for-
mulation was evaluated for wound healing in a rat model.

Methods
Materials
RVS was a kind gift from Egyptian International Pharma-
ceutical Industries Co. (Cairo, Egypt). LV was gifted by 
SEDICO Pharmaceutical Company (Cairo, Egypt), PVA 

was purchased from (Al Gomhoria Co, Egypt), and pro-
pylene glycol (PG) was obtained as a gift sample (EPICIO 
Co., Egypt). Methyl alcohol and dialysis bags (MW cut 
off of 12,000 Da) were purchased from Sigma Chemical 
Company (Sigma-Aldrich Corp., St. Louis, MO, USA).

Differential scanning calorimetry
To confirm compatibility between the drugs and between 
the drugs and the additives, thermal analysis was per-
formed for each of RVS, LV, PVA and their physical mix-
ture using a differential scanning calorimeter (DSC-60, 
Shimadzu, Japan) [24].

Formulation of PVA‑based wound dressing
To obtain wound dressing with acceptable physico-
chemical properties and controlled drug release, the 
Box–Behnken statistical design was adopted using inde-
pendent variables (% PVA (A), % PG (B) and number of 
FT cycles (C)). The levels of independent variables and 
the resultant constraints are listed in Table 1. Statistical 
analysis was performed using Design-Expert software 
(Design-Expert 11.1.0.1 Stat Ease Inc., Minneapolis, MN, 
USA). Different batches and their resulting responses are 
presented in Table 2.

PVA-based wound dressings were prepared by solvent 
casting method. In brief, PVA was first dissolved in 20 
mL double distilled water at 90ºC and stirred till clear, 
transparent solutions were obtained. The prepared solu-
tion was then cooled down to room temperature and the 
specified amount of PG was added and mixed. Required 
quantities of LV and RVS were separately dissolved in (5 
mL) methanol under stirring and were slowly added to 
the prepared solution and stirred together till uniform 
mixing. The resultant mixture volumes were adjusted to 
25 mL, then poured onto a glass mold and were further 
crosslinked by the application of different numbers of 
freeze–thaw cycles (Table 2). This was done by first freez-
ing the mixtures for 16 h. at − 12 °C followed by thawing 
them for 8 h at room temperature. Finally, drying was 
performed at 30 °C for 48 h. The prepared wound dress-
ings were packed in an aluminum foil and then stored in 
a desiccator [10, 13].

Eco‑friendly UV spectrophotometric methods
For LV and RVS quantification, precise and sensitive 
spectrophotometric methods were used for the simulta-
neous estimation of both drugs in bulk powder and in the 
developed dressing formulation without prior separation.

Apparatus
A Shimadzu (UV-1601 PC) dual-beam UV–visible spec-
trophotometer, with 1cm quartz cells. Scans in the range 
of 200–400 nm were carried out with 0.2 nm intervals. 
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Absorption and the derivative spectra of the proposed 
drugs were processed by Shimadzu UV-Probe version 
2.32.

Procedure
i. Stock solutions of RVS and LV (1.0 mg/ mL) were 
prepared in pH 7.4 phosphate buffer. Working solutions 
of a concentration of 0.1 mg/mL from each drug were 
made by diluting the prepared stock solutions with 
phosphate buffer.

ii. Construction of calibration curves.

Aliquots of working solutions of RVS (50–300 µg) 
and LV (20–250 µg) in phosphate buffer were added in 
10-ml volumetric flasks to be diluted with the buffer. 
The following procedure was repeated in triplicate. The 
solutions’ spectra were scanned at 200–400 nm against 
phosphate buffer as a blank, saved in the computer and 
subjected to the following manipulations:

•	 Derivative ratio (DR) method for the simultaneous 
determination of RVS and LV: For RVS determina-
tion, the spectra of RVS were divided by the spec-

Table 1  Variables (independent and dependent) used in Box–Behnken design for the development and optimization of wound 
dressing

Variable Levels

Low (− 1) Medium (0) High (+ 1)

PVA % 3 5.5 8

PG% 3 6 9

Freeze–thaw cycles (No.) 0 2 4

Dependent variables (Response) Constraints

R: Tensile strength (MPa) Maximize

R2: Elongation to break % Maximize

R3: LV release (12 h) 50%

R4: RVS release (12 h) 50%

Table 2  Box–Behnken design formulation codes and the observed responses

Each dressing (2 × 2 cm) contained 50 mg LV and 10 mg RVS, *FT cycles: freeze–thaw cycles, **TS: tensile Strength, ***EB: elongation to break

Run Factor A: PVA 
(%)

Factor B: PG 
(%)

Factor C: FT* 
cycles

R1 
TS**
MPa

R2 
EB***
(%)

R3 
LV release
12 h (%)

R4 
RVS release
12 h (%)

F1 3 3 2 6.3 ± 0.20 50.58 ± 1.2 64.38 ± 0.2 56.6 ± 1.0

F2 3 6 4 6.24 ± 0.10 62.35 ± 2.5 63.36 ± 2.1 52.2 ± 0.5

F3 5.5 6 2 6.76 ± 0.11 76.56 ± 3.4 52.47 ± 2.5 43.60 ± 2.2

F4 8 6 4 13.11 ± 0.32 51.25 ± 2.1 41.61 ± 1.1 29.03 ± 1.6

F5 8 6 0 10.65 ± 0.2 89.25 ± 3.4 47.76 ± 1.6 34.11 ± 0.4

F6 5.5 9 0 4.45 ± 0.10 110.05 ± 2.8 66.56 ± 0.2 54.38 ± 0.4

F7 5.5 3 0 6.98 ± 0.31 57.17 ± 1.0 58.60 ± 1.0 47.92 ± 0.6

F8 3 9 2 4.18 ± 0.10 103.36 ± 1.9 72.82 ± 0.2 60.75 ± 1.1

F9 5.5 9 4 6.22 ± 0.21 98.54 ± 2.3 57.06 ± 1.1 44.96 ± 0.4

F10 5.5 6 2 6.65 ± 0.21 74.4 ± 1.6 51.80 ± 1.6 44.80 ± 2.5

F11 8 9 2 9.97 ± 0.32 105.26 ± 2.7 47.18 ± 2.4 39.10 ± 1.5

F12 5.5 6 2 6.63 ± 0.22 73.0 ± 2.1 54.90 ± 2.1 41.10 ± 1.5

F13 5.5 6 2 6.54 ± 0.21 72.8 ± 1.4 49.70 ± 3.6 42.80 ± 2.3

F14 5.5 6 2 6.31 ± 0.16 73.4 ± 1.6 55.40 ± 1.9 44.50 ± 1.6

F15 8 3 2 14.1 ± 0.23 53.36 ± 0.8 37.81 ± 2.1 26.56 ± 1.8

F16 5.5 3 4 10.54 ± 0.14 44.18 ± 1.0 47.88 ± 1.6 39.36 ± 0.4

F17 3 6 0 4.33 ± 0.09 64.26 ± 1.3 73.31 ± 0.3 65.36 ± 1.3
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trum of (25 µg/ mL) of LV. Then 1DR was obtained 
with scaling factor 10 and Δλ = 8 nm, and the 1DR 
signal at 250 nm was measured. LV determination 
was obtained by dividing its spectra by RVS (30 µg/
mL) where 3DR was created with scaling factor 100 
and Δλ = 16 nm. The 3DR signals at 295 nm and 261 
were measured.

•	 First derivative (1D) method for LV determination: 
1D spectra of the drug were created using scaling fac-
tor 10 and Δλ = 8 nm where its amplitude at 351 nm 
was measured for LV concentration.

•	 Mean centering method for LV determination: The 
zero-order spectra of the drug were divided by RVS 
(30µg/mL) and then mean-centered to calculate LV 
concentration at 346 nm.

iii. Different aliquot of RVS and LV
Mixtures containing different ratios of the two drugs 

were prepared by transferring different aliquots of RVS 
and LV working solutions into a set of 10-mL volumet-
ric flasks and diluted with phosphate buffer. The drugs 
solutions were scanned, and their concentrations were 
calculated from the corresponding obtained regression 
equations.

iv. Application to pharmaceutical formulations
The developed wound dressings were dissolved in 

phosphate buffer and left on a magnetic stirrer for 15 min 
for complete dissolving. Then, the volume was completed 
to 300 mL with phosphate buffer and filtered to be used 
in the spectrophotometric methods. The filtrate, which is 
labeled to contain 0.0333 mg/ mL RVS and 0.1667 mg/ 
mL LV, was analyzed by the proposed methods after suit-
able dilution.

Effect of independent variables on mechanical properties 
of the developed dressing (TS and %EB)
TS was measured using Universal Materials Testing 
Machine Lloyd (Model LR 5K plus). Dressings (6 cm 
long × 2 cm wide) were subjected to pulling out at a speed 
of 20 mm/min with an applied load (5–35 N). TS and % 
EB were calculated using the equations [14, 25]:

where L1: initial length, L2: length after stretching (at the 
moment of rupture).

Measurements were carried out in triplicate, and the 
average was recorded.

Ts (MPa) =
(

Breaking Force (N)
)

/

(

Cross− section area of Specimen
(

mm2
))

%EB =
(L2− L1)

L1
× 100

Effect of independent variables on in vitro (LV and RVS) 
release
A wound dressing (2 cm × 2 cm) was placed in a dialy-
sis bag which was then immersed into 300 mL of pH 7.4 
phosphate buffer (simulating conditions of wound bed) 
solution maintained at 32°C and stirred at 100rpm using 
a shaking water bath (Gallen Kamp, England). Aliquots 
(5 mL) were withdrawn at certain time intervals and 
substituted immediately with equal volume fresh buffer. 
Amounts of LV and RVS were analyzed spectrophoto-
metrically using the derivative ratio (DR) method after 
suitable dilution. The experiment was conducted in trip-
licate [26, 27].

Evaluation of wound dressing physical and water‑related 
characters
Wound dressings were evaluated for uniformity of 
weight, pH and drug content [10, 28]. The content of LV 
and RVS was analyzed using the proposed established 
method. Results are presented as mean ± SD.

Folding endurance was recorded as the number of 
times the dressing could be folded (angle of 180°) at the 
same place without breaking or developing visible cracks 
[13].

The swelling index was calculated by placing accurately 
weighed dressing (2 cm × 2 cm) in 20 mL phosphate 
buffer pH 7.4 and reweighing dressings after specific 
time intervals after blotting with filter paper for removal 
of adhered moisture. The swelling degree (SI) was calcu-
lated by the following equation:

where W0 and Wt are observed weights for dress-
ings before and after immersion in the medium, 
respectively[12].

Water vapor transmission rate (WVTR) was deter-
mined gravimetrically by placing the dressings tightly 
on the neck of a glass bottle containing saturated ammo-
nium chloride solution (to provide an RH of 79.5%). The 
whole assembly was weighed and placed in a desiccator 

at 0% RH using anhydrous calcium sulfate at 25 °C. The 
assembly was reweighed at specific time intervals, and 
WVTR was calculated from the following equations [29];

%SI =
(Wt −W0 )

W0
× 100

WVTR =
�m

Dressing area
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where Δm is the weight difference between two weight 
measurements.

Data analysis of Box–Behnken model
Different polynomial models were generated for the 
obtained responses. The effect of each variable was iden-
tified based on the resultant coefficients of interactions. 
Analysis of variance (ANOVA) was performed to study 
the statistical validity of the model. Response surface 
plots were generated utilizing Design-Expert software. 
The desirability function was used to determine the opti-
mum formulation, which was then prepared and evalu-
ated for subsequent comparison to predicted responses.

Wound healing evaluation of the optimized formulation
Wound healing efficacy was studied using Wister rats, 
weighing 150 ± 20 g. For one week before the study, 

animals were housed in individual cages at controlled 
temperature (25 °C ± 0.5) and humidity (RH of 60 ± 5%) 
at 12-h dark/light with free access to food and water. The 
animal was handled following a protocol approved by the 
ethics committee, (NUB-410–23).

Wounds were created under the condition of stable 
anesthesia (ketamine (100 mg/kg) / xylazine (10 mg/
kg)). The back of the rat (the dorsal area between the 
shoulder blades) was shaved followed by cleansing the 
surgical site with ethanol swap. Full-thickness, excision 
wounds (18 mm) were made. Four groups were used 
for the study (six animals per group). Group 1 received 
LV containing wound dressing, while Group 2 received 
RVS containing wound dressing. Group 3 received RVS 
and LV containing wound dressing. The dressings were 
changed daily up to 12 days. Group 4 received normal 
saline (control). Percent wound contraction was calcu-
lated on days 0, 4, 7 and 12 using the following equation 
[30, 31].

% of wound contraction =
wound area in day (zero)− wound area in day (n)

wound area in day (zero)
× 100

Fig. 1  DSC thermograms of RVS, LV, PVA and their physical mixtures
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On the last treatment day, animals were killed, and skin 
sections (1 cm2) for wound areas were collected and fixed 
in formaldehyde (10%) for histological study. Samples 
were frozen and cut transversely from the middle region 
of the wounds into sections (5-μm-thickness). Sections 
were then stained with Hematoxylin and eosin prior to 
examination using a light microscope. Samples were 
examined for epithelization, fibrosis as well as appear-
ance of hair follicles [31–33].

Results
Differential Scanning Calorimetry
DSC thermograms of LV, RVS, PVA and their physi-
cal mixture are displayed in Fig.  1. Thermogram of LV 
presented a broad endothermic peak at about 80 °C and 
another sharp endothermic peak at about 230 °C corre-
sponding to its melting [34]. RVS presented two peaks 
observed at 150 and 220 °C due to its semi-crystalline 
nature [35, 36]. These peaks appeared almost unchanged 

in the thermogram of the physical mixture. The addi-
tional peak at 195 °C could be attributed to PVA [37].

UV spectrophotometric method
UV spectra of both drugs showed severe overlap; a usual 
drawback in spectrophotometric analysis (Supplemen-
tary Fig. 1). LV spectrum had more sensitive and strong 
absorption bands which made separation of RVS more 
difficult. Several methods were tried to overcome this 
problem.

Derivative ratio method (DR)
This method involves the division of the mixture spec-
trum by the spectrum of one component (divisor) to 
create the derivative spectrum of the other component. 
The calculated derivative spectrum will be independent 
on the divisor, so it can be determined without inter-
ference [38]. The selection of divisors is of particu-
lar importance to get low noise and high sensitivity. 

Fig. 2  Proposed spectrophotometric methods for simultaneous RVS and LV quantification in phosphate buffer. a First DR spectra of RVS (5–30 µg/
mL) using LV 25 µg/mL as a devisor at 250 nm. b Third DR spectra of LV (2–25 µg/mL) using RVS 30 µg/mL as a divisor at 268 and 295 nm. c First D 
spectra of LV (2–25 µg/mL) at 351 nm in phosphate buffer. d Mean-centered ratio spectra of LV using RVS 30 µg/mL as a divisor at 364 nm



Page 8 of 19Abd El‑Fattah et al. Future Journal of Pharmaceutical Sciences          (2024) 10:131 

Different concentrations of RVS (2, 15 and 30 µg/mL) 
and LV (2, 10 and 25 µg/mL) divisors were tested before 
developing the method. The concentrations of 30 µg/
mL of RVS and 25 µg/mL of LV were the selected divi-
sors regarding low noise and maximum sensitivity.

The derivative orders of the ratio spectra (1st, 2nd, 3rd 
and 4th) were also tried to attain the best wavelength 
interval. Besides, different Delta λ values were tested (2, 
4, 8 and 16) as they affect the shape, intensity and posi-
tion of peaks of the analyzed drug. In addition, a scaling 
factor was attempted. The first derivative ratio (1DR) was 
the most effective for RVS determination with scaling 
factor 10 and Δλ = 8 nm, while the third derivative ratio 
(3DR) was created with scaling factor 100 and Δλ = 16 to 
measure LV. The wavelength choice was tested as well, 
where the amplitudes at 250 nm for RVS (Fig.  2a), and 
268 nm and 295 nm for LV (Fig.  2b) showed optimum 
recovery percentages in laboratory-prepared mixture.

First derivative
The first derivative (1D) spectrum (Fig. 2c) showed zero 
crossing points of the RVS only at 351 nm at which LV 
was determined. Different Δλ values were tried (2, 4, 8 
and 16), where Δλ = 8 nm and scaling factor = 10 provide 
maximum peak heights with minimum noise.

Mean centering method (MNCN)
Basically, it is a simple method involving dividing the 
target analyte by the interfering components, then mean 
centering the ratio spectra resulted using MATLAB soft-
ware [39]. The zero-order absorption spectra of LV were 
divided by RVS (30 µg/mL). The attained ratio spectra 
were mean-centered where the peak amplitudes were 
recorded at 346 nm (Fig. 2d).

Validation of method as per ICH recommendation
Linearity: The linearity range was 5–30 µg/mL for RVS 
and 2–25 µg/mL for LV. Regression parameters were cal-
culated (Table 3).

Accuracy: The standard addition technique was used 
to check the accuracy. Both drug concentrations were 
obtained from the corresponding regression equations, 
and percentage recoveries revealed good accuracy of the 
established methods (Table 3).

Precision: It was calculated using 3 concentrations of 
each of RVS (5, 20, 30 µg/mL) and LV (2, 10, 25 µg/mL). 
Samples were analyzed three times on the same day 
(Repeatability) and three successive days (interday) by 
the proposed methods. Table 3 shows that the values of 
the RSD are acceptable.

Table 3  Regression, assay validation and statistical parameters for RVS and LV spectrophotometric determination

*Figures in parenthesis are the theoretical values of t and F at p = 0.05

Regression parameter RVS LV

1DR Reported 
method 
[15]

3DR 1D MNCN Reported 
method 
[16]

λ max (nm)  250 244 268 295 351 346 298

Linearity range (µg/ mL) 5–30 2–18 2–25 3–8

Slope ± S.D 0.0110 ± 0.0001 – 0.0062 ± 4.07e−05 0.0156 ± 0.0001 0.014 ± 8.60943 e−05 0.9707 ± 0.0045 –

Intercept ± S.D 0.0047 ± 0.0021 – 0.0004 ± 0.0005 0.0005 ± 0.0015 0.0009 ± 0.0011 − 0.0749 ± 0.0680 –

S.D. of residual 0.0031 – 0.0009 0.0026 0.0020 0.0887 –

R2 0.9994 – 0.9997 0.9996 0.9998 0.9998 –

Accuracy (mean% ± SD) 101.33 ± 0.67 – 99.64 ± 1.60 101.09 ± 0.68 99.92 ± 1.17 100.43 ± 0.60 –

Precision (RSD%)

 Intraday 0.27–0.43 0.18–0.94 0.30–1.71 0.16–0.77 0.31–1.01

 Interday 0.33–0.87 – 0.29–1.95 0.26–1.03 0.16–0.85 0.10–1.83 –

Statistical parameters

 N 5 5 5 5

 Mean % 98.98 98.66 99.12 100.53 100.50 100.15 100.86

 S.D 1.12 0.97 1.68 1.62 1.48 0.36 0.76

 Variance 1.26 0.93 2.84 2.61 2.20 0.13 0.57

 t test* (2.31) 0.49 – 1.35 0.41 0.49 1.91 –

 F test* (6.39) 1.35 – 0.20 4.59 3.86 0.22 –

 Standard addi‑
tion  Mean% ± S.D

101.33 ± 0.67 – 99.64 ± 1.60 101.09 ± 0.68 99.92 ± 1.17 100.43 ± 0.60 –
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Selectivity: The proposed methods’ selectivity was 
achieved by the analysis of different laboratory-pre-
pared mixtures of RVS and LV. Simultaneous deter-
mination of the two drugs was achieved without any 
interference (Supplementary Figs.  2 and 3). Thus, the 
established methods were proved to be selective as 
indicated by acceptable recovery results ranging from 
98.55 to 101.25 (Supplementary Table 1).

Based on the previous findings, the developed meth-
ods were successfully carried out for the simultaneous 
determination of RVS and LV in their new combined 
topical preparation without preliminary separation. 
The derivative ratio (DR) method was the only selected 
technique for monitoring the two studied drugs in the 
dissolution study because 1DR was the only effective 
one for RVS determination.

Evaluation of greenness of UV spectrophotometric method
Green analytical chemistry is a concept of promoting 
the utilization of energy-efficient instruments, reducing 
the consumption of toxic compounds and minimizing 
waste production in analytical procedures. Hence, this 
approach is well-regarded and commonly applied in ana-
lytical chemistry laboratories [40].

In this work, we used two common and complemen-
tary methods for evaluating the greenness of analytical 
techniques to assess the proposed spectrophotometric 
method, namely The Analytical Eco-Scale and GAPI. The 

Analytical Eco-Scale is a quantitative method that sub-
tracts penalty points out of 100 points. It evaluates vari-
ous factors, including the quantity and hazard level of 
reagents, energy consumption, occupational hazards 
and the amount of waste generated [41]. As shown in 
Table  4, the proposed technique scored 92 and outper-
forms the two previously reported spectrophotometric 
methods [15, 16]. The second method for the assessment 
of the greenness is GAPI. It is a color code evaluation of 
each stage. The red color symbolizes indicates high envi-
ronmental impact. Yellow and green colors represent 
medium and low impacts [42]. GAPI tool shows that our 
proposed method has a higher level of greenness in com-
parison to the two reported methods (Fig. 3).

Tensile strength
The developed dressings had TS values (4.18 ± 0.1–
14.1 ± 0.23 MPa) (Table 2). The quadratic model was the 
best as indicated by the highest regression coefficient 
value. The model’s significance was assessed by P < 0.001. 
The quadratic model had a predicted R2 (0.9781) close to 
the adjusted R2 (0.9952) (Supplementary Tables 2 and 6) 
indicating a good correlation. The developed equation’s 
fitting degree is considered fine as indicated by a non-sig-
nificant lack of Fit; F value of 2.10. Figure 4a–c shows the 
response surface plots drawn by Design-Expert. The final 
equation developed based on data analysis for prediction 
of the response was:

TS (MPa) = 6.58+ 3.35A− 1.64B+ 1.21C − 0.5025AB

+0.1375AC − 0.4475BC + 1.80A2
+ 0.2622B2

− 0.2073C2

Table 4  Penalty points of the proposed methods according to the Analytical Eco-Scale

Penalty points

Proposed UV spectrophotometry Reported UV spectrophotometry for 
RSV [15]

Reported UV 
spectrophotometry 
for LV [16]

Reagents score

 Phosphate buffer 3 – –

 Methanol – 6 6

Instruments score

 Energy 0 0 0

 Occupational hazards 0 0 0

 Waste 5 5 5

Total Penalty Points ∑ 8 ∑ 11 ∑ 11

Analytical Eco-Scale total score 92
Excellent green analysis

89
Excellent green Analysis

89
Excellent green Analysis
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Elongation to break (%EB)
The developed dressings %EB values ranged from 
44.18 ± 1.0 to 110.05 ± 2.8% (Table 2). The high coefficient 
value indicates that the quadratic model was the best 
model with high significance (P < 0.001). Its predicted R2 
(0.9022) was close to the adjusted R2 (0.9832) (Supple-
mentary Tables  3 and 6) indicating a good correlation. 
Non-significant lack of fit F value of 5.76 reveals the fine 
degree of fitting for the developed equation. Figure 4d–f 
shows the response surface plots drawn by Design-
Expert. The final equation developed was:

% EB = 74.03+ 2.32A+ 26.49B− 8.05C − 0.2200AB

−9.02AC + 0.3700BC − 3.30A2
+ 7.41B2

− 3.95C2

In vitro drug release
Results for LV and RVS release (Table  2 and Fig.  5) 
showed the lowest release (37.81, 26.66% for LV and RVS, 
respectively) at 12th h for F15, while F17 showed the 
highest release at the same time (73.31 and 65.36% for LV 
and RVS, respectively).

Box–Behnken statistical analysis confirmed the suit-
ability of the quadratic model as illustrated by regression 
coefficient value. The model was significant (P < 0.001) 
(Supplementary Tables 3 and 4). The predicted R2 (0.9286 
and 0.9590 for LV and RVS, respectively) were close 
to adjusted R2 (0.9623, 0.9837 for LV and RVS, respec-
tively) (Supplementary Tables  5 and 6) indicating good 

Fig. 3  GAPI approach for greenness assessment of: a the developed UV spectrophotometric methods, b the reported UV spectrophotometric 
method for RVS [15], c the reported UV spectrophotometric method for LV [16]
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correlation. Non-significant lack of fit F values (0.3164 and 
0.5452 for LV and RVS, respectively) suggest a fine degree 
of fitting for the developed equations. Figure  4h–i shows 

the response surface plots drawn by Design-Expert. The 
final equations for predicting the responses were:

Fig. 4  Response surface plot illustrating the effect of variables on TS (MPa), %EB and in vitro drugs release a % PVA and % PG b % PVA and number 
of FT cycles and c % BG and number of FT cycles on TS (MPa) (R1) of the prepared dressings, d %PVA and %PG e % PVA and number of FT cycles 
and f % BG and number of FT cycles on EB (R2) of the prepared dressings, g % PVA and % PG h % PVA and number of FT cycles and i % PG 
and number of FT cycles on LV release (R3) of the prepared dressings, j % PVA and % PG k % PVA and no of FT cycles and l % PG and number of FT 
cycles on RVS release (R4) of the prepared dressings
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LV release after 12 h = 52.85− 12.44A+ 4.37B− 4.54C + 0.2325AB

+0.9500AC + 0.3050BC + 0.8392A2
+ 1.85B2

+ 2.82C2

RVS release after 12 h = 43.36− 13.26A+ 3.59B− 4.53C + 2.10AB

+2.02AC − 0.2150BC + 0.4562A2
+ 1.94B2

+ 1.36C2

Fig. 5  Cumulative LV (––) and RVS (---) release from wound dressings. a F1–F6, b F7–F12, c F13–F17
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Evaluation of wound dressing physical and water‑related 
characters
The formulated wound dressings had average weight and 
pH values of 320 ± 15–440 ± 33 mg and from 6.2 ± 0.25 
to 6.7 ± 0.14, respectively (Table  5). Drug content was 
in the range of 96.50 ± 0.93–98.45 ± 0.22% for LV and 
96.98 ± 0.98–99.21 ± 0.36% for RVS (Table  5). Folding 
endurance ranged from 264 ± 19 to > 300 (Table 5).

A swelling study showed increasing SI up to the maxi-
mum, followed by an equilibrium (no further water 
absorption) (Supplementary Fig. 4).

WVTR values of the prepared dressings ranged from 
1967.39 ± 30.6 to 2629.15 ± 36.5 g/m2/day (Table 5).

Optimization of wound dressing formulations
The mechanical property is important to ensure opti-
mum physical protection of the wound by the applied 
dressing. Sufficient mechanical properties are also 
needed to support cellular processes including prolif-
eration, tissue remodeling and angiogenesis. For %EB, 
dressings also needed to be flexible, soft and elastic 
to adapt to different body parts. Percent elongation 
to break was measured as an indicator of the dress-
ing’s extendibility from its initial length up to its break 
(extendibility) [29, 43]. Hence, optimum values for TS 
(MPa) and %EB were set to maximize TS and %EB to 
ensure dressing durability and flexibility in the applied 
area.

Dressings are generally designed to be replaced every 
1–3 days [10, 44]. The current study aimed to ensure 
dressings provide controlled drug release for 24 h while 
maintaining dressing integrity. So, an optimum value for 
LV and RVS release at 12th h was set to 50% to ensure 
controlled drug release for 24 h.

Optimum formulation with 0.741 desirability was iden-
tified using Design-Expert software and was formulated 
using 8% PVA, and 9%PG and subjected to one FT cycle. 
Optimized formulation showed predicted values of 9.542 
MPa for TS, 113.975 for %EB with about 50.00, 39.84% LV 
and RVS release, respectively. Experimental values were 
9.45 ± 0.67 MPa for TS, 112.6 ± 3.8 for %EB and 52.3 ± 1.4, 
38.99 ± 1.6% for LV and RVS release, respectively.

Wound healing evaluation
Time-dependent progression in wound contraction per-
cent was observed in tested groups (Fig. 6a and b). The 
normal healing process was observed in the control 
group which exhibited only slight wound contraction 
percent (11.57 ± 1.13, 25.93 ± 4.54and 56.94 ± 2.32% after 
4, 7 and 12 days, respectively). Group 1 (treated with LV-
wound dressing) showed wound contraction percent-
ages of 17.12 ± 2.73, 50.46 ± 1.13 and 71.75 ± 3.24% after 
4, 7 and 12 days, respectively. For group 2 (RVS wound 
dressing), contraction percentages were 21.75 ± 3.69, 
43.05 ± 3.4 and 68. ± 2.32% after 4, 7 and 12 days, respec-
tively. Group 3 (LV/RVS wound dressing) showed sig-
nificantly (p < 0.001) higher wound contraction percent 

Table 5  Evaluation of wound dressing physical and water-related characteristics

WVTR water vapor transmission rate, SI swelling index

Run Weight (mg) pH LV content (%) RVS content (%) Folding (no of 
folds)

SI (% after 3 h) WVTR* (g/m2/day)

F1 320 ± 15 6.5 ± 0.30 98.45 ± 0.22 98.85 ± 0.30 276 ± 12 SI (%) 2199.89 ± 35.2

F2 330 ± 12 6.2 ± 0.25 97.45 ± 0.55 96.98 ± 0.90  > 300 135.8 ± 5.3 2235.67 ± 23.1

F3 370 ± 25 6.3 ± 0.10 96.50 ± 0.93 97.56 ± 0.21  > 300 121.6 ± 4.6 2325.09 ± 32.6

F4 420 ± 26 6.5 ± 0.12 97.22 ± 0.31 98.52 ± 0.12  > 300 170.4 ± 9.8 1967.39 ± 30.6

F5 430 ± 22 6.5 ± 0.20 96.97 ± 0.81 97.42 ± 0.11 264 ± 19 188.8 ± 11.6 2289.33 ± 41.3

F6 380 ± 25 6.4 ± 0.11 97.54 ± 0.30 96.98 ± 0.98  > 300 196 ± 12.1 2629.15 ± 36.5

F7 380 ± 32 6.3 ± 0.09 97.01 ± 0.98 98.02 ± 0.87  > 300 190.3 ± 11.2 2325.09 ± 25.9

F8 330 ± 15 6.7 ± 0.14 96.54 ± 0.13 98.56 ± 0.35  > 300 150 ± 10.5 2450.29 ± 34.6

F9 380 ± 28 6.4 ± 0.10 97.32 ± 0.13 97.89 ± 0.22  > 300 129.6 ± 6.1 2365.98 ± 26.3

F10 371 ± 26 6.4 ± 0.20 97.06 ± 0.31 98.08 ± 0.45  > 300 181.2 ± 8.6 2244.75 ± 48.2

F11 440 ± 33 6.3 ± 0.15 97.87 ± 0.19 99.15 ± 0.98 296 ± 14 170.1 ± 5.3 2199.89 ± 22.1

F12 369 ± 40 6.3 ± 0.13 96.89 ± 0.21 98.50 ± 0.80  > 300 214.1 ± 12.6 2221.26 ± 26.5

F13 372 ± 25 6.4 ± 0.21 97.05 ± 0.81 97.88 ± 0.50  > 300 170.9 ± 8.6 2239.36 ± 12.6

F14 370 ± 24 6.5 ± 0.22 98.05 ± 0.41 97.65 ± 0.18  > 300 165.8 ± 5.3 2251.11 ± 26.6

F15 420 ± 34 6.4 ± 0.13 98.20 ± 0.81 99.21 ± 0.36  > 300 162.7 ± 8.7 2199.89 ± 26.9

F16 380 ± 25 6.4 ± 0.16 97.65 ± 0.25 97.25 ± 0.95  > 300 185.6 ± 12.3 2235.67 ± 37.8

F17 350 ± 24 6.6 ± 0.24 97.88 ± 0.61 98.44 ± 0.58  > 300 147.1 ± 8.6 2325.09 ± 43.2
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Fig. 6  Wound healing study in rat model. a Percentage wound contraction, b photographs wound healing phases and c histopathology in control 
group and in groups receiving LV, RVS, LV + RVS wound dressings (inflammation (LI), edema (*) and congestion (**), regenerated epithelium (E), 
reticular layer (R), scab development (S) and hair follicle (H)
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compared to other groups (32.4 ± 2.27, 61.5 ± 1.85 and 
84.3 ± 1.98% after 4, 7 and 12 days, respectively).

Histopathological examination (Fig.  6c) provides evi-
dence for wound healing progression. Histopathological 
evaluation of the control group showed that the wound 
area had significant inflammation (LI), considerable 
edema (*) and marked congestion (**). The epithelium 
was only partially regenerated (E) in some wound areas 
with a partial development of the reticular layer (R). Scab 
development (S) was highly observed in the wound area.

In animals treated with LV-wound dressing, tissue sec-
tions showed a high degree of inflammation (LI), mod-
erate edema (*) and minor congestion. Epithelium was 
partially restored (E). Animals treated with RVS wound 
dressing showed wound areas with moderate inflam-
mation (LI), considerable edema (*) and congestion (**) 
in the newly formed tissues. There were areas for fully 
regenerated epithelium (E) and some areas of organized 
reticular layer (R) indicating RVS wound healing ability. 
In animals treated with RVS/LV-wound dressing, tis-
sue sections showed a lower degree of inflammation (LI) 
and congestion (**). Granulation tissue formation was 
observed indicating a successful re-epithelialization pro-
cess. The epithelium was well developed with some areas 
containing hair follicles (H).

Discussion
The study employed various spectrophotometric tech-
niques to quantify RVS and LV simultaneously in a 
phosphate buffer solution. The derivative ratio spectro-
photometry (DR) proved to be effective in separating the 
RVS and LV simultaneously. RVS was measured using a 
1DR at a wavelength of 250 nm, while the LV was deter-
mined using a 3DR at wavelengths of 268 nm onwards. In 
addition, the first derivative (1D) and the mean centering 
methods were successfully employed to determine the LV 
in the presence of RSV at measurements of 351 and 346 
nm, respectively. Satisfactory results indicate that both 
drugs can be simultaneously determined by the devel-
oped methods with no interference from excipients and 
additives (Table 3). It is noteworthy that the development 
of a green and inexpensive analytical method is required 
as a tool for evaluating the properties of the new wound 
dressing formulation. The pharmaceutical properties of 
this wound dressing such as drugs’ release and content 
were evaluated by the developed spectrophotometric 
method.

Compared to the previously reported methods which 
are a direct UV measurement of either LV or RSV alone in 
its formulations [15, 16], the suggested methods showed 
no considerable differences concerning accuracy and 
precision (Table  3). Moreover, the developed methods 

were considered more selective than the reported ones. 
Because of the quantitative estimation of RVS and LV in 
their new combined formulations could be performed 
successfully without any separation. Also, the proposed 
spectrophotometric methods showed a higher greenness 
score than the reported technique according to the Ana-
lytical Eco-Scale and the GAPI approaches.

Compatibility between materials was studied using 
DSC (Fig. 1) where the presence of the peaks of the stud-
ied drugs suggested the absence of interaction and hence 
compatibility between the drugs and PVA.

The combined and individual effect of the formula-
tion variables on the selected responses was studied 
using Design-Expert software. Developed formulations 
had adequate TS (Table 2) indicating sufficient strength 
for the formulated dressing [12]. Sufficient mechanical 
strength is required for wound dressing to support cel-
lular healing processes and to ensure optimum physical 
protection of the wound [28]. TS was affected by PVA 
and PG concentrations and the number of FT cycles. 
PVA concentration had a positive effect on TS as higher 
TS was obtained by increasing PVA from 3 to 8%. Dress-
ings with lower PVA values could have a loose polymer 
network leading to lower TS values. Similar results were 
observed in several previous studies [45, 46]. However, 
PG had an antagonistic effect on TS. Lower TS values 
were obtained by higher PG concentrations due to its 
plasticizing effect. PG molecules get inserted between 
polymer strands, breaking polymer–polymer interac-
tions and elevating the molecular mobility of polymer 
strands which leads to decreased dressing stiffness [25]. 
For crosslinking, repeated FT cycles had a positive effect 
on TS due to the formation of newly ordered tightly com-
bined microstructures by refreezing the PVA solution. 
These structures wouldn’t longer be separated [47, 48].

Wound dressings need to be flexible, soft and elastic to 
adapt to different body parts. %EB values for developed 
dressings (Table  2) were in the acceptable range (35–
120%) [12]. PVA had a mild positive effect on %EB. PG 
also had a positive impact where increased PG concen-
tration resulted in a marked increase in %EB. This could 
be explained by the PG plasticizing effect which would 
increase dressing mobility and reduce its brittleness [49]. 
For crosslinking, increased crosslinking by repeated FT 
cycles produced a slight decrease in % EB.

Drugs released from formulations (Table 2 and Fig. 5) 
were assessed to ensure drug flux through the skin [50]. 
PVA exerted a negative effect on drugs’ release where 
higher PVA concentration resulted in slower drug 
release. Higher PVA (matrix-forming polymer) concen-
trations resulted in more dense structures with subse-
quent sustained release patterns [10]. Alternately, PG 
concentration positively affected LV and RVS release 
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since the plasticizing action of PG increased intermolec-
ular distance between polymer chains which favors water 
diffusion throughout the dressing [51]. Crosslinking 
showed a negative effect as it is believed to hamper water 
penetration into the dressing which renders drug release 
more sustained. The gelled layer formed by dressing con-
tact with the dissolution medium controls water penetra-
tion and forms a barrier that controls drugs release [27].

Formulated dressings had acceptable weight. pH val-
ues (6.2 ± 0.25–6.7 ± 0.14) indicate the absence of any 
irritant effect on the applied skin (Table 5). Drug content 
confirmed uniform drug distribution in the prepared 
dressings, while folding endurance values indicated the 
dressing’s ability to maintain their integrity during han-
dling and application [46]. The swelling study showed 
higher swelling indices with higher PVA and PG lev-
els (Table  5 and Supplementary Fig.  4). PG increased 
water absorption by increasing the mobility of polymer 
strands which exposes more of polymer chains for mois-
ture sorption [51]. WVTR represents a critical physical 
property for wound dressing as very high WVTR could 
lead to wound dehydration, while very low WVTR results 
in the accumulation of exudates with increased risk of 
bacterial contamination and delayed healing. WVTR 
values between 2000 and 2600 g/m2/day (Table 5) could 
be suitable for wound dressing application [43, 52, 53]. 
PG increases WVTR by promoting intermolecular dis-
tance which favors water diffusion throughout the dress-
ing [54]. On the contrary, higher PVA concentration 
decreased WVTR by the increased gelling property with 
subsequent narrow pores/channels responsible for vapor 
transmission [29].

In order to achieve a controlled release for 24 h, opti-
mum values for LV and RVS release at 12th h were set 
to 50%. TS and %EB values were maximized to ensure 
dressing durability and flexibility in the applied area. 
Optimized formulation was prepared, and experimental 
values were compared to predicted ones. No major vari-
ations between observed and predicted responses (per-
centage error < 10%) assured the validity of the developed 
equations and their predictability within the context of 
data uncertainty.

Daily application of the developed dressings did not 
induce any inflammatory responses or produce any 
observed erythema. This indicates the biocompatibil-
ity of applied dressings. Time-dependent progression 
in wound contraction percent was observed in tested 
groups (Fig.  6a and b). Higher contraction percentage 
in the group treated with RVS/LV dressing compared 
to other groups confirmed the high and synergistic 
wound healing ability of both drugs. Results indicate 
that RVS potentiates the healing capability of LV. This 
can be related to its stimulation of endothelial cells 

and microvascular production along with inhibition 
of wound healing inhibitors [33, 55]. Wound healing 
was further confirmed by histopathological examina-
tion. Wound healing efficacy can be identified by re-
epithelialization which is necessary for wound closure. 
Granulation tissue (GT) is formed on the wound sur-
face as a newly constructed skin layer during the heal-
ing process. It consists of connective tissues and tiny 
blood vessels and is known for its ability to fill wounds. 
Hence, the presence of newly formed epithelium, along 
with granulation thickness represents positive signs 
for the healing process. Lower degrees of inflamma-
tion and congestion and the appearance of granulation 
tissue in animals treated with RVS/LV dressings con-
firm successful re-epithelialization. Compared to other 
groups, optimized formulation with drug combination 
had reduced congestion and inflammation. These signs 
indicate a complete and fast wound healing process 
by such formulation. Combined LV and RVS dressing 
showed the ability to induce almost complete tissue 
regeneration and optimum wound healing suggesting 
the use of these drugs in topical wound healing plat-
forms [31, 32].

Conclusions
A novel formulation of a wound dressing combining LV 
and RVS was developed. The formulation underwent 
optimization to achieve a wound dressing that possesses 
satisfactory mechanical strength, flexibility and appropri-
ate release for both prescribed medications. The results 
demonstrated that the optimized formulation exhibited 
superior wound healing capabilities, characterized by 
increased wound contraction, reduced inflammatory infil-
tration and optimal epithelialization, in comparison to 
dressings containing LV or RVS. The results of the study 
provide evidence in favor of employing this innovative 
combination in the context of wound healing applications. 
It is important to highlight that developing an environ-
mentally friendly and cost-effective analytical technique 
capable of concurrently quantifying (LV) and (RVS) was 
achieved. Three spectrophotometric approaches, namely 
derivative of ratio spectrophotometry, first derivative and 
mean centering, were devised for the simultaneous quan-
tification of RVS and LV in both the new formulation and 
pure form. An assessment of their environmental sustain-
ability was conducted using the Analytical Eco-Scale and 
the Green Analytical Procedure Index (GAPI) indicating 
their minimal environmental impact.
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