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Abstract Nanoparticles of carboxymethyl cellulose ac-

etate butyrate complexed with the poorly soluble antiviral

drug acyclovir (ACV) were produced by precipitation

process and the formulation process and properties of

nanoparticles were investigated. Two different particle

synthesis methods were explored—a conventional pre-

cipitation method and a rapid precipitation in a multi-inlet

vortex mixer. The particles were processed by rotavap

followed by freeze-drying. Particle diameters as measured

by dynamic light scattering were dependent on the syn-

thesis method used. The conventional precipitation method

did not show desired particle size distribution, whereas

particles prepared by the mixer showed well-defined par-

ticle size *125–450 nm before and after freeze-drying,

respectively, with narrow polydispersity indices. Fourier

transform infrared spectroscopy showed chemical stability

and intactness of entrapped drug in the nanoparticles.

Differential scanning calorimetry showed that the drug was

in amorphous state in the polymer matrix. ACV drug

loading was around 10 wt%. The release studies showed

increase in solution concentration of drug from the

nanoparticles compared to the as-received crystalline drug.

Keywords Cellulose � Acyclovir � Nanoparticles �
Drug release � Solubility � Reynolds number

Introduction

Currently there are many options for increasing the

bioavailability of poorly soluble drugs like adding of ion-

ized salts, solid dispersions, micronization technique and

soft gel technology (Elaine et al. 2003). These methods

have their own limitations in terms of drug-loading ca-

pacity, toxicity, biodegradability, large dosages and envi-

ronmental considerations. In the recent years,

nanotechnology has emerged as a promising field in ad-

dressing these issues (Vivek et al. 2014). One of the most

active research areas of nanotechnology is nanomedicine,

which applies nanotechnology to highly specific medical

interventions for the prevention, diagnosis and treatment of

diseases. Currently, nanomedicine is dominated by drug

delivery systems, accounting for more than 75 % of total

sales (Suwussa et al. 2012).

Herpes virus (HV) which include about 130 different

species are potential cause for many viral diseases. Herpes

simplex virus-1, the primary virus of all the 25 subfamilies

of HV, is the primary cause for genital infections, corneal

opacities, shingles and chickenpox in human beings. A

recent estimate shows that it infects more than 500 million

people worldwide and causes an estimated 23 million new

infections every year (Katharine et al. 2008). Transmission

of HSV from mother to infant during birth is the most

serious complication of genital herpes, and women who

acquire HSV during pregnancy are at the highest risk of

transmitting the infection (Zane et al. 1997). And also, the

risk of HIV acquisition is threefold higher among HSV-

positive persons (Esther et al. 2006). Acyclovir (ACV) was

approved as drug of choice for treatment of infections

caused by this virus (Antona et al. 1994), Fig. 1. ACV is

prepared by alkylation of guanine with 2-(chloromethoxy)

ethylbenzoate and hydrolyzing the resulting ester. Though
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ACV is selective and has less cytotoxicity, it has poor

bioavailability in the range of 10–30 %. This makes its

usage difficult if large amounts of dosage are required,

necessitating intravenous administration for large

concentrations.

To improve its bioavailability, several strategies were

developed like transported targeted delivery, where drug is

attached to a ligand which is a substrate for specific nu-

trient transporter, developing analogues of prodrugs, etc.,

(Ravi et al. 2008). In recent years, much focus has been

thrown up on design of new delivery methods for effective

administration of antivirals. A number of nanoparticulate

systems of ACV like nanoparticles (Bernard et al. 2009;

Amany et al. 2009; Florent et al. 2013; Ahmed et al. 2010),

nanospheres (Claudia et al. 2003), nanoassemblies (Bar-

bara et al. 2012), metal complexes (Ángel et al. 1999),

niosomes (Biswajit et al. 2007; Ismail et al. 2007), nano-

fibers (Deng-Guang et al. 2011), nanosponges (David et al.

2013) and microparticles (Ga de Jalona et al. 2003) all with

the aim of improving bioavailability. However, there is still

a lack of understanding in developing a method which can

rapidly produce drug-loaded polymeric nanoparticles, at

the same time enhancing bioavailability.

Carboxymethyl cellulose acetate butyrate (CMCAB) is a

mixed cellulose ester (Fig. 2). It is insoluble in water,

water-swellable when partially ionized, but more soluble in

common organic solvents than other cellulose esters such

as cellulose acetate (CA) or cellulose acetate butyrate

(CAB). It is a stable carrier for metallic pigments. CMCAB

as nanocarriers is one of the thrust areas of research in

nanotechnology (Lei et al. 2013). The hydrophobic nature

is due to higher degree of substitution (DS) of butyryl and

acetyl groups. It is used in oral drug delivery systems as

drug particle carrier because of its slow release with respect

to time and pH-controlled release of drugs (Junia et al.

2013). Amorphous matrix formulations of CMCAB with

different drugs were prepared, and dissolution tests were

carried out (Michael et al. 2009; Junia et al. ). These studies

showed that CMCAB enhanced the stability of the amor-

phous drug with respect to crystallization both in solid state

and in solution. It has been observed that amorphous drugs

in solid dispersions of CMCAB have greatly enhanced

solubility as well as very fast release. Studies conducted to

determine the performance of CMCAB in drug delivery

with different drug formulations showed zero-order release

(Jessica et al. 2007; Li et al. 2013; Bin et al. 2013). The

other advantage is that CMCAB-based drug nanoparticles

can be prepared very easily through different methods like

co-precipitation, spray drying and film casting because of

its good solubility in organic solvents.

Considerable work has been done to formulate polymer–

antiviral drug nanoparticles with synthetic or semisynthetic

polymers (Dembri et al. 2001; Löbenberg et al. 1998;

Destache et al. 2009; Mainardes et al. 2009; Sharma and

Garg 2010; Duan et al. 2010). More recently, studies have

shown that polysaccharides are very promising for oral

drug delivery due to their affinity for complexing with a

variety of drugs which can suppress drug crystallization,

their relatively high glass transition temperatures and their

biocompatibility (Sandra 2009). The composition and

morphology of the polymer matrix play an extremely im-

portant role in the drug release and pharmacokinetics

(Raval et al. 2011). Nanoparticles have the ability to im-

prove the dissolution rate of the drug (Mainardes and

Evangelista 2005). All of these benefits can contribute to

the reduction in dose and dosing frequency, thereby re-

ducing the side effects and improving the patient compli-

ance (Hariharan et al. 2004).

Fig. 1 Structure of acyclovir (David et al. 2013)

Fig. 2 Structure of

carboxymethyl cellulose acetate

butyrate (CMCAB) (Michael

et al. 2009)
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The aim of this work is to synthesize and develop ACV–

CMCAB drug nanoparticles that will have much higher

solubility concentration compared to pure drugs when taken

orally. There is no previous study reported where these

drugs were complexed with CMCAB to form nanoparticles.

In this work, polymer drug nanoparticles are prepared

through simple precipitation method and flash precipitation

method using a multi-inlet vortex mixer (MIVM). The

particle sizes and drug loading of the nanoparticles were

measured to test control and reproducibility of the particle

formation process. The suppression of crystallinity of the

drugs in the amorphous nanoparticles was studied by dif-

ferential scanning calorimetry. Release of the drugs from

the polymer matrix was measured to understand the effect

of particle size on drug release. Additionally, Reynolds

numbers in the mixer were varied to allow rapid and com-

plete mixing leading to controlled particle size.

Experimental procedure

Materials

Acyclovir (ACV) was a gift sample from the Department of

Pharmacy at BITS Pilani, India. Carboxymethyl cellulose

acetate butyrate (CMCAB; approximate molecular weight

22,000, degree of substitution of butyryl group = 1.64,

degree of substitution of acetyl group = 0.44, degree of

substitution of carboxymethyl group = 0.33) was from

Eastman Chemical Company, USA. CMCAB was provided

in its free acid form and used as received. Tetrahydrofuran

(THF, analytical reagent grade, MOLYCHEM, India) was

used for polymer drug nanoparticles formation. Sodium

hydroxide (laboratory reagent grade, RFCL, Ankleshwar,

India) and potassium di-hydrogen orthophosphate (analy-

tical reagent grade, Qualigen Chemicals, Mumbai) were

used for release studies. Mannitol was from CDH, New

Delhi, India, and used as a cryoprotectant. Millipore water

(18.2 MX•cm at 25 �C ultrapure) was used for all the

experiments.

Preparation of ACV–CMCAB nanoparticles

In this work, polymer drug nanoparticles were prepared by

two different methods. First method was a simple pre-

cipitation process, and the second method was a rapid

precipitation in a multi-inlet vortex mixer.

Simple precipitation

Two different phases (aqueous and organic) were required

for this method. Aqueous phase was prepared by dissolv-

ing pure ACV in distilled water. Mass concentration of

ACV was 0.3703 mg/ml in distilled water. Organic solu-

tion was prepared by adding CMCAB to THF. Polymer

concentration in organic phase was 10 mg/ml. Mass ratio

of drug to polymer was maintained at 1:3, and volumetric

ratio of THF to water was kept at 1:9. Solutions were

stirred at room temperature to dissolve the polymer and

drug completely in their respective solvents. Drop-wise

method was followed for generation of nanoparticles, i.e.,

organic phase solution was added drop-wise into the

aqueous solution. The final solution consisted of

nanoparticles of drug-loaded polymer, free polymer and

free drug. THF was removed using a rotary evaporator

(BUCHI made, Model: R210a). THF-free solution was

then centrifuged for removal of water in a high-speed

centrifuge at 13,000 rpm and 20 �C. After centrifugation,

particles were kept in an incubator for nearly 15 h to

maintain temperature of 37 ± 0.5 �C. Retained moisture

was removed from the sample by keeping it in oven @

37 ± 0.5 �C for a period of 15–20 h.

Flash precipitation in multi-inlet vortex mixer

Flash nanoprecipitation of CMCAB drug complexes was

carried out in a four-jet multi-inlet vortex mixer that ac-

commodates four streams (Hak-Kim and Philip 2011;

Yanxiang et al. 2013; Janine et al. 2009; Boris et al.

2010). The THF solution of CMCAB was injected into the

mixer along with three other water streams, where one of

the water streams was composed of the drug (ACV). The

four inlet streams are tangential to the mixing chamber,

and exit stream comes from the center of the chamber.

The Reynolds number required for the formation of

nanoparticles was investigated. The Reynolds number is a

dimensionless number that is a measure of turbulence and,

in this case, of mixing time. It depends upon the inlet

stream velocities, viscosities and densities (Ying et al.

2008).

The setup consisted of the mixer containing four streams

(one organic and three aqueous streams). The streams were

connected to two syringe pumps (New Era, Unigenetics,

India), one for aqueous (NE-1600) and one for organic

(NE-300), respectively. The pumps maintain the flow rate

of the streams, and the Reynolds numbers were calculated

based on stream flow rates and velocities. In this ex-

perimental work, DISPOVANTM syringes were used.

Schematic of MIVM is shown in Fig. 3.

Mass concentration ratios were kept constant as in

simple precipitation method, i.e., 10 mg/ml of CMCAB in

THF and 0.3703 mg/ml of ACV in water. Flow rates were

controlled by syringe pumps so that the mass concentration

of the solution was maintained constant. Reynolds numbers

were varied in the range of 2200–17,800 depending on the

flow rates.

Appl Nanosci (2016) 6:197–208 199

123



The nanoparticle solution thus formed was collected and

THF was removed using a rotary evaporator at a bath

temperature of 60 �C and 357 mbar pressure. This pressure

corresponds to the boiling point of THF at 60 �C. The

rotavapped suspension was dried in a LABCONCO freeze

dryer at 0.45–0.52 mbar for 2 days.

Reynolds number experiment

The Reynolds number was varied six times by varying the

aqueous stream flow rates. The organic stream volumetric

flow rate was kept constant at 5.82 ml/min. The Reynolds

number was calculated by Eq. 1, and the results for six

different Reynolds number are shown in Table 1.

Re ¼ Dmixer

X ui

vi
¼ Dmixer

u1

v1

þ u2

v2

þ u3

v3

þ u4

v4

� �
ð1Þ

where ui is the velocity of each individual inlet stream, and

vi is the kinematic viscosity (density over viscosity) of each

inlet solvent at the mixer temperature. The volumetric flow

rate, Qi, is determined by the equation:

Qi ¼ uiAis ð2Þ

where Ais is the cross-sectional area of the inlet streams.

When Ais is the same for all four streams and it is assumed

that the solution formed by mixing is ideal, i.e., there is no

volume change upon mixing.

Nanoparticles drying: effect of cryoprotectant

It was observed during preparation of first few batches of

nanoparticles, that there was significant agglomeration and

change in particle size after freeze-drying. During freeze-

drying, formation of ice crystals causes damage to the basic

physiochemical properties of nanoparticles. Upon adding

cryoprotectant, the damage is prevented to some extent.

Firstly, cryoprotectant partially solubilizes the nanoparticles

so that they are less prone to puncture and secondly it inter-

rupts the lattice formation of ice so that the formation of

crystals is controlled. In order to control particle size during

freeze-drying, a suitable cryoprotectant mannitol was used

and the effect on particle size was studied. The suspension

after rotavap was divided into two batches. In the first batch,

nearly 15 % (w/w) of mannitol was added as cryoprotectant.

The second batch did not have any mannitol. Both the sam-

ples were freeze-dried for 2 days to ensure complete moisture

removal at temperature of -50 �C and 0.45–0.52 mbar

vacuum. Particle size was measured after freeze-drying to

determine the effect of cryoprotectant on nanoparticles.

Drug loading

In order to measure the drug loading of the nanoparticles, a

calibration curve for the ACV dissolved in distilled water

was developed using a UV–Visible spectrophotometer

(Systronics, 119) at a wavelength of 253 nm, with a band-

width of 2 nm and accuracy of ±0.1 nm within the range of

200–1000 nm and 10 mm size cuvettes were used. ACV

stock solution was prepared for pure drug standard curve by

adding 10 mg of drug in 10 ml distilled water and shaking on

auto shaker for 10–15 min. Dilute solutions were prepared

from the stock solution at different drug concentrations, viz.

2, 4, 6, 8 and 10 lg/ml. The absorbance for resultant dilute

solutions was measured at this maximum wavelength and

was plotted against concentration to obtain the regression

equation relating both concentration and absorbance. An

average of three scans was taken for each absorbance value.

The standard curve obtained is shown in Fig. 4.

The resulting equation for the calibration curve of ri-

fampicin in acetonitrile was:

Absorbance at 253 nm ¼ 0:00716Cacv þ 0:2632 ð3Þ

where R2 = 0.9985.

To determine the percentage of drug loaded in the

nanoparticles, two sample solutions at different concentra-

tions were prepared. Distilled water was used as dilution

medium. In the first sample, 1 mg of nanoparticles was

dissolved in 10 ml of distilled water, and in the second case,

same amount of nanoparticles was dissolved in 20 ml. Drug

loading of the nanoparticles prepared by both the method

was measured using UV–Visible spectrophotometer using

the developed calibration curve. Maximum wavelength was

set at 253 nm. The absorbance obtained was substituted in

the regression equation of standard curve data, and the

unknown experimental concentration (Cdrug) was deter-

mined. The drug loading (WACV) was calculated from ex-

perimental concentration divided by the actual

concentration (Cnanoparticles) as given by Eq. 4.

WACV ¼ Final concentration of the ACV in the solvent

Initial concentration of particles in the solvent
� 100

¼ CACV

Cpart

� 100

ð4Þ

Fig. 3 Schematic representation of MIVM
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CACV = Concentration of ACV calculated from calibration

curve Eq. 3. Cpart = Concentration of the particles dis-

solved in DI water.

Determination of size, polydispersity index and zeta

potential of nanoparticles

Particle size and polydispersity index were found by dy-

namic light scattering technique using Zetasizer (Model-

ZEN 3602, Malvern Corp, UK) equipped with Zetasizer

software. The measurements were made at a fixed light

scattering angle of 173�. Distilled water was used as dis-

persing solvent for dilution before every measurement. Zeta

potential measurements were also conducted in the same

cuvette cells. Smoluchowski approximation was selected for

f(Ka) parameter as particles are dispersed in aqueous

medium. Temperature for all the measurements was set as

25 �C. All measurements were carried out for 12 times for

each sample.

Fourier transform infrared (FT-IR) spectroscopy

Fourier transform spectroscopy was carried on ACV,

CMCAB and polymer drug nanoparticles to understand

whether any structural differences exist between pure

compounds and different nanoparticle systems using Perkin

Elmer (Frontier-IR model) spectrophotometer. All particle

testings were recorded in the wave number range of

400–4000 cm-1. A total of 10 scans were carried for every

measurement.

Differential scanning calorimetry

To understand the phase transition behavior of the

nanoparticles, ACV, CMCAB and ACV–CMCAB

nanoparticles were subjected to differential scanning

calorimetric analysis (Perkin Elmer, DSC-4000, 2013). The

machine was calibrated using indium for heat of fusion and

melting point. Range of temperature was set between -70

and 300 �C at the rate of 10 �C/min. Standard aluminum

pans were used for sampling. An empty sample pan was

used as reference. Nitrogen gas flow rate was maintained

20 ml/min throughout the measurements.

In vitro studies

Typically, equivalent amount of free drug and nanoparti-

cles was dispersed in 80 mL of potassium phosphate

buffer, pH 6.8 (corresponds to the pH of human small in-

testine) for 8 h at 37 �C (This study which was previously

done for 5 h is repeated for extended time—8 h. However,

the residence time of a particle in the small intestine is

approximately 4 h. The previous study was conducted for

5 h to account for the maximum release of the drug during

the residence time of the particle. However, the reviewer’s

suggestion was noted and the study was repeated for 8 h. It

was observed that maximum drug release occurred by fifth

hour and no significant release was observed after that).

Buffer solution was prepared by adding 0.2 M NaOH drop-

wise to 0.2 M potassium phosphate monobasic until the

solution pH was 6.8. Eighty milliliters of this buffer solu-

tion was taken in a beaker and the nanoparticles were

dissolved and kept under stirring at 37 �C to determine the

release of nanoparticles. Five milliliters of samples was

taken at time intervals of 5, 30 min, 1 h, 1.5, 2, 3, 4 5, 6, 7

and 8 h. After each time of taking the sample, equal

amount of fresh buffer has been added to maintain the sink

conditions. Samples were then centrifuged to remove un-

bound polymer particles from the sample solution. Re-

leased ACV from nanoparticles was determined

spectrophotometrically at 253 nm. The concentration was

then obtained from previously drawn standard plot of ACV

in the range of 2–10 lg/ml. Released amount was calcu-

lated as

% Release ¼ Released Acyclovir

Total Acyclovir
ð5Þ

Results and discussions

We investigated how different particle processing schemes

affected particle properties, notably particle size and drug

loading. These processing approaches included nanoparti-

cle preparation by (1) simple precipitation followed by

rotavap, centrifugation and drying in oven and (2) rapid

precipitation in a mixer followed by rotavap and freeze-

drying. We explored the processing conditions on particle

size and size distribution. We investigated the drug content,

size and crystallinity of the nanoparticles. Drug release

studies were conducted with ACV nanoparticles and were

compared to pure crystalline drug. The role of CMCAB in

enhancing solubility and inhibiting drug crystallinity in the

Fig. 4 Calibration curve of acyclovir dissolved in deionized water at

253 nm
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particles is also discussed. The multi-inlet vortex mixer

makes it possible to produce nanoparticles with well-con-

trolled particle size distributions compared to typical co-

precipitation process. Addition of cryoprotectant also im-

proved the particle size distribution of the nanoparticles

after processing. This is the first study for preparing

nanoparticles of ACV and CMCAB by rapid precipitation.

Effect of Reynolds number on particle size

The main purpose of the experiment was to optimize the

Reynolds number for synthesizing well-defined nanoparti-

cles. It was observed that lower Reynolds number gave

small particle size and narrow polydispersity index

(Fig. 5). There was an increase in the polydispersity index

of the particles (Table 1). The reason could be that at

higher Reynolds numbers, nucleation of particles increased

and there was no enough time for the interaction of drug

and the polymer. Hence aggregates with uncontrolled

particle sizes were obtained. Additionally, zeta potentials

of the particles were also observed. The magnitude of the

zeta potential is predictive of the colloidal stability.

Nanoparticles with zeta potential values greater than

?25 mV or less than -25 mV typically have high degrees

of stability. Dispersions with a low zeta potential value will

eventually aggregate due to Van Der Waal inter-particle

attractions. Zeta potential experiments were performed to

analyze the state of nanoparticle surface or whether the

processing steps have modified the nanoparticle surface.

The results showed that the particles were stable in solution

irrespective of their sizes. All the experiments were con-

ducted three times for each set of Reynolds number and the

percentage error was approximately 5 %.

Well-defined particle size, polydispersity index and zeta

potential were obtained at Reynolds number *2200. So,

all the further characterization techniques, cryoprotectant

effect and release studies were conducted for particles

prepared at Reynolds number 2200.

Particle size, polydispersity index and zeta potential

The particle size measurement revealed lower size and

polydispersity indices for particles synthesized by the flash

nanoprecipitation method. The size of the particles ob-

tained by simple precipitation method was large *810 nm

with polydispersity index of 0.71. The effect of cryopro-

tectant on the final particle size after freeze-drying was

significant as shown in Fig. 6. Significant agglomeration

was observed during freeze-drying process as observed in

the sample without cryoprotectant. Several theories have

been proposed such as crystal bridge theory, capillary

pressure theory, hydrogen bond theory and chemical bond

theory to explain the agglomeration phenomenon (Wang

et al. 2002). The aggregation of particles in this work is

possibly due to the ice crystal formation repelling foreign

particles away from the interstitials. During sublimation,

the ice crystals leave microscopic pores. Another cause can

be during drying of water, loss of electrostatic stabilization

leads to particle–particle aggregation. Also, nanoparticles

become attached as a result of hydrogen bond and/or

Fig. 5 Particle sizes versus Reynolds number of three batches of

ACV–CMCAB nanoparticles after fabrication in the multi-inlet

vortex mixer

Fig. 6 Effect of cryoprotectant effect on nanoparticle size before and

after freeze-drying

Table 1 Particle size analysis, polydispersity and zeta potential of

ACV–CMCAB particles after preparing them in MIVM at varying

Reynolds Number (2224-17792) by DLS—The average results from

three batches are shown

S. no Reynolds

number

Particle

size (nm)

Polydispersity

index

Zeta potential

(mV) (SD ± 3)

1 2224 129.8 0.209 -41.7

2 4444 135.8 0.209 -47.3

3 6664 151.8 0.327 -51.1

4 8888 154.3 0.366 -47.9

5 13,340 173.8 0.412 -45.6

6 17,792 193.2 0.434 -44.9
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bridging of surface hydroxyl groups. This can be mini-

mized by using cryoprotectors such as glucose, sucrose,

trehalose, mannitol. In this study, addition of mannitol

inhibited particle agglomeration during freeze-drying

(Table 2). Further investigations with larger amount of

mannitol will be necessary to obtain well-defined particle

size with narrow polydispersity index. The effect of cry-

oprotectant and the particle size (or polydispersity) did not

affect the values of zeta potential. In all cases, the zeta

potential analysis revealed colloidal stability of the

nanoparticles.

Fourier transform infrared (FT-IR) spectroscopy study

FT-IR spectra of ACV, CMCAB and ACV–CMCAB

nanoparticles are shown in Figs. 7, 8 and 9, respectively.

The analyses of peaks were based on previous studies (Ben

1997; Barbara 2004). For pure ACV, characteristic peaks

were observed because of O–H bend at 1103 cm-1, C–O

stretch at 1047.9 cm-1, CH2 wagging at 901.52 cm-1 and

CH2 stretch and NH wagging at 681.99 cm-1. OH stretch

because of free moisture at 3440 cm-1 and a peak at

3178 cm-1 corresponding to CH aromatic ring were ob-

served. For CMCAB, peaks were noticed at 2965 cm-1

because of COOH dimer group, C=O stretch of CHO group

at 1732.37 cm-1, O–H bend at 1159.93 cm-1 and C–C

skeletal vibration at 1037.7 cm-1.

For the case of ACV–CMCAB nanoparticles both with

and without mannitol (Fig. 9), common characteristic

peaks similar to that of CMCAB were noticed like C=O

stretch of CHO group at 1738.49 and 1732.52 cm-1, re-

spectively. Similarly, characteristic peaks of ACV were

observed at 679.19 and 679.12 cm-1, respectively, in both

the nanoparticles due to NH wagging. The other peaks

found in nanoparticles without mannitol presence are at

1161.03 cm-1 due to CO stretch and at 1059.71 cm-1

because of C–C skeletal vibration. It can be noted that this

C–C skeletal vibration and CO stretch in nanoparticles are

present though not exactly at the same wave numbers as in

that of CMCAB and ACV.

In the case of nanoparticles with mannitol addition, three

additional peaks were observed. One because of C=C

stretch at 1629.56 cm-1, C–H bending at 1366 cm-1 and

the other at 1228.36 cm-1 because of COC asymmetric

stretch (Peng and Thomas 2008). From the basic chemical

structure of mannitol, there was no presence of any C=C

bonds. So, it has come from C=C aromatic ring of ACV.

The source for other peak, i.e., COC asymmetric stretch at

1228.36 cm-1 is unclear. It can be either from out of plane

COC bonds of CMCAB or from COC bonds from mannitol.

Similar is the case for C–H bending at 1366 cm-1. It is

unclear whether the peak is from CH bonds of CMCAB or

mannitol or ACV.

In the spectrum of nanoparticles, no peaks were ob-

served in the range from 4000 to 1800 cm-1. The spectrum

is nearly stable which indicates that no transmittance of

incident infrared waves has taken place in this region.

As the particles were coated with CMCAB, the free

hydroxyl bond and CH aromatic rings of ACV may be

Table 2 Effect of cryoprotectant addition (during freeze-drying) on

size of nanoparticle prepared by flash nanoprecipitation in MIVM at

Re 2200

Parameter With cryoprotectant Without cryoprotectant

Before After Before After

Particle size (nm) 142.1 376.3 169.8 629

Polydispersity index 0.2 0.4 0.2 0.6

Zeta potential (mV) -52.5 -62.6 -59.4 -69.1

Fig. 7 FT-IR spectra of as-

received ACV
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masked. That may have been the reason for no peaks in the

above region. From the FT-IR analysis of pure drug,

polymer and polymer drug nanoparticles, spectra con-

firmed the incorporation of both CMCAB and ACV in

nanoparticles.

Differential scanning calorimetry study

DSC studies were carried out on ACV–CMCAB

nanoparticles along with pure ACV and CMCAB to

assess their phase transition behavior. In the case of pure

ACV which is crystalline in nature, no changes in heat

flow were observed up to temperature of approximately

75 �C. After this, heat flow started to increase at a slow

rate in the sample with temperature and reached a max-

imum of nearly 22 mW at 109.56 �C which corresponds

to its glass transition temperature (Tg). After this, no

much difference is observed in enthalpy of the sample

and was constant in the temperature range of 125–250 �C.

As the temperature increased further, endothermic heat

flow suddenly increased to a value of nearly 42 mW and

a sharp peak was observed at temperature of 258.89 �C.

That corresponds to the melting temperature (Tm), and

this clearly showed the phase transition behavior of pure

ACV from solid to liquid state. DSC thermogram of ACV

is shown in Fig. 10.

For CMCAB, which is an amorphous polymer, en-

dothermic heat flow started to vary from initial

Fig. 8 FT-IR spectra of pure

CMCAB

Fig. 9 FT-IR spectra of ACV–

CMCAB nanoparticles
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temperature of -70 �C. Not alike in the case of ACV,

heat flow was not constant even in small temperature

ranges and varied with temperature throughout the ana-

lysis. Though changes in endothermic enthalpy were ob-

served in the temperature ranges of 0–50, 125–150 and

225–275 �C, they were not that large, suggesting the poor

mobility of polymer chains. Regarding the polymer

powder, the broad first heat endotherm (50–100 �C) could

be related to moisture loss. The polymer powder first-heat

shows a step change near 150 �C, as in a glass transition;

but this is complicated by a minor, overlapping exotherms

(*160 and 180 �C).

The complicating exotherms may be because of an inter-

chain esterification (crosslinking), or it could be related to

crystallization—the true origin of this peak is unknown. Of

the mentioned three temperature ranges, slope of curve is

larger in the case of 125–150 �C temperature range and this

clearly indicates the second-order glass transition tem-

perature (Tg), which was noticed at 140.6 �C. No sudden

peaks were observed as in the case of ACV. DSC ther-

mogram of CMCAB is shown in Fig. 11. In the case of

ACV–CMCAB nanoparticles, the study confirmed that

polymer drug nanoparticles were stable up to temperature

range of 150–160 �C. No sharp peaks or large changes

were observed in terms of heat endotherms up to this

temperature.

The initial exotherms as in the case of pure CMCAB

powder in the temperature range of 50–100 �C were

because of moisture loss. For nanoparticles with man-

nitol, a sharp peak has been observed at temperature

162.9 �C and the same is not present in the nanoparti-

cles without mannitol. This peak according to the

literature (Barbara 2004) is the melting temperature of

pure mannitol and suggests its crystalline behavior. The

curve is smooth in the case of nanoparticles without

mannitol suggesting amorphous behavior and the glass

transition temperature is approximately 166.2 �C. This

might be due to inhibition of crystallization of ACV

during nanoparticle formation by the polymer. So, it can

be concluded that ACV in the nanoparticles was in an

amorphous or a solid solution state in the polymer

matrix after the fabrication. DSC thermograms of ACV–

CMCAB nanoparticles with and without mannitol ad-

dition are shown in Fig. 12.

Drug loading

In order to obtain the actual amount of drug present in

polymer drug nanoparticles, drug loading percentage was

determined by spectrophotometric method for nanoparti-

cles. Absorbance values of previously prepared nanoparti-

cle solution were determined at fixed wavelength of

253 nm. This value is substituted in the standard curve of

ACV to get corresponding experimental concentration.

Ratio of experimental and actual concentrations gives the

percentage of drug present in nanoparticles. Absorbance

and percentage drug loaded for both nanoparticle batches

are tabulated in Table 3.

Drug loading in the both the cases is comparable and

slightly higher in case of flash nanoprecipitation. It is to be

noted that mass concentration of drug in water was kept

constant as 0.3703 mg/ml in both cases. However, there

was higher entrapment of the drug in the polymer during

rapid mixing in the MIVM.

Fig. 10 DSC thermogram of

as-received ACV
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In vitro studies

Drug release profiles from in vitro studies at pH 6.8 for

nanoparticles and pure drug with absorbance values are

shown in Fig. 13. From the profiles, it is clearly observed

that release percentage of ACV from nanoparticles (nearly

55 %) was more than pure drug (nearly 5 %) over a period

of time by tenfolds. The increase in the solution concen-

tration of the drug was observed for nanoparticles com-

pared to the as-received crystalline drugs. Reducing the

particle size of the ACV from that of the as-received

powder greatly increases the specific surface area, which

provides an additional method to enhance the dissolution of

ACV. Also, CMCAB was effective in entrapping the drug

in amorphous form to enhance drug release.

The residence time of particles in small intestine is

approximately 3–4 h. The aim is to release most of the

drug in the small intestine. Higher concentration of drug

would lead to higher absorption. Rapid release of ACV

in small intestine could lead to reduced dose and high

bioavailability. The dissolution rate could be increased

by increasing the surface area which could be increased

by decreasing the size. As shown, the nanoparticles

have shown higher release and solution concentration of

drug in the intestinal fluid. As the residence time is only

3–4 h, a longer study is not desirable. However, the

experiment is redone for few more hours to investigate

any change in the drug release from nanoparticles. The

results clearly showed that there is no significant release

after the fifth hour.

Fig. 11 DSC thermogram of

pure CMCAB

Fig. 12 DSC plot of ACV–

CMCAB nanoparticles with and

without mannitol
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Conclusion

This study demonstrates a method for producing CMCAB–

ACV nanoparticles. Two methods were used to prepare the

nanoparticles: first, by simple precipitation method and

second, by flash nanoprecipitation method using a multi-

inlet vortex mixer. Well-defined particle sizes were ob-

tained with MIVM between 100 and 500 nm and drug

loading of 9.2 wt%. The drug loading efficiencies in the

final particles were approximately 40 %. CMCAB polymer

was effective in entrapping the drug in its amorphous state

in the particle and this increased the solubility of the drugs

in buffer solution. The nanometer size greatly increased

specific surface area which greatly enhanced dissolution of

ACV and higher release (tenfolds compared to pure ACV).

However, these are the preliminary experiments on the

effectiveness of the CMCAB–ACV nanoparticles and more

complete and statistically valid tests need to be performed.

More investigation is needed to characterize the very long

storage stability of these particles. The enhancement of

release of drugs from polymer nanoparticles for effective

drug delivery of low solubility antiviral drugs is an at-

tractive area for additional research.
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