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• Worked  as  a  research  scientist  at  various  levels  and  was  involved  in  the  

product development of new chemical entities from first in humans (FIH) studies to 
Phase II/III clinical trials and have successfully developed stable formulations and 
robust processes 

• Developed and optimized formulation and process at pilot/pivotal scale and 
performed technical transfer for scale-up work 

• Drafted technical documents per regulatory requirements (standard operating 
procedures, batch records, protocols and product development and stability reports) 

• Contributed in the CMC submission writing (IND, NDA, CTA, IMPD, MAA) leading 
to successful approval of the products in the US market; ORAPRED ODT® 

(Prednisolone), SAVELLA®   (Milnacipran HCl), and TUDORZA PRESSAIR  
(Aclidinium  Bromide) AND in the EU market; EKLIRA® - UK (Aclidinium Bromide) 
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Abstract 
 
 
Title of Dissertation:  Development of Real time Release Testing of Controlled Release 
Multiparticulate Drug Delivery System Using the Principles of Quality by Design 
 
 
Bhaveshkumar H. Kothari, Doctor of Philosophy, 2014 
 
 
Dissertation Directed By:  Stephen W. Hoag, PhD, Professor, Pharmaceutical Sciences 
 
 
Objectives 
 

To develop a control system, for real time release testing of a controlled release 

multiparticulate drug delivery system, an adequate understanding of polymer film formation and 

effect of processing parameters on the quality of film formation is essential. Presently, the curing 

of pseduolatex films is not well understood, and with a proper understanding of film formation 

mechanisms products with consistent dissolution can be developed. 

 
Methods 

 
To better understand film formation, the material attributes and process parameters were 

systematically assessed using Ishikawa and failure mode and effect analysis models. This was 

followed up by a resolution V fractional factorial design to gain process understanding. 

Information gained was further evaluated using a resolution IV fractional factorial design to 

identify the critical process parameters that can significantly influence drug dissolution due to 

poor film formation. The design space was evaluated using different statistical approaches and 

experiments were conducted using central composite design to map the response surface and 

determine edge of failure. The in-process control strategy models were developed using diffuse 

reflectance near infrared spectroscopic technique. 

 
Results 

 
The risk assessment models and the statistical experimental designs helped to elucidate 

the effect of process efficiency and variation of extent of curing during the coating process. The 

design space was established using two different statistical models were in close agreement to 



 

each other with statistical least square approach being more conservative than the Bayesian 

approach. The coating process was optimized and design space was built with product 

temperature, curing temperature and curing time deemed as the most critical process parameters. 

The effect of humidity on the extent of curing was also characterized and the in-process control 

strategy models helped determine process trajectory which could serve as the basis for a process 

control chart and actual endpoint measurement of the coating process. 

 
Conclusion 

 
The intrinsic process variability associated with the coating process was successfully 

studied and in-process models were developed using near infrared spectroscopy and the data 

fusion method provided new insights into the prediction of dissolution from coated beads. 
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CHAPTER 1 A Review and Case Study: Development of Real Time 
Release Testing of Controlled Release Multiparticulate Drug Delivery 
System using the Principles of Quality by Design1 

Abstract 

 The purpose of this review paper is to review pathways for the development of controlled 

release multiparticulate drug delivery system utilizing the principles of quality by design (QbD). 

The different components of the QbD are delineated i.e. establishing quality target product profile 

(QTPP), identification of critical quality attributes of the drug product, use of risk assessment and 

statistical design of experiments to identify critical material attributes and critical process 

parameters and its correlation to critical quality attributes of the drug product. Following the QbD 

paradigm enables one to establish control strategy by capturing source of variability both from 

upstream and downstream leading to development of real time release testing of the drug product. 

The case study examples illustrates how implementation of QbD can enable to understand and 

control formulation and manufacturing variables and by establishing control strategy using 

process analytical tools like near-infrared helps to build quality in the drug product rather than 

test quality in the drug product in the end.   

  

                                                           

1  Bhaveshkumar  H. Kothari, Raafat Fahmy, Gregg Claycamp, Sharmista Chatterjee, Christine 
M. V, Moore, Stephen W. Hoag 
To be Submitted to AAPS Pharm Sci Tech 
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Introduction 

 Controlled release (CR) formulations have been developed frequently in the 

pharmaceutical industry for product improvement and/or line extension. They have therapeutic 

benefits of demonstrating minimum plasma fluctuation and less frequency of dosing due to 

maintenance of drug in the plasma thus observing lesser side effects (1; 2). The CR formulations 

can be manufactured into oral solid dosage form development like tablets or capsules adapting 

several approaches.  In a tablet dosage form, the CR component is either mixed with the drug-

powder matrix or coated on to the active consolidated mass. Another approach is to manufacture 

multiparticulate beads using extrusion-spheronization method or drug layering process and then 

subject the beads for further coating using the fluid bed coating system (Fig. 1-1). The beads can 

then be encapsulated in a capsule or compressed into a single consolidated mass depending on the 

starting substrate size, size of the final beads and dose of the active.  Amongst all the 

technologies, multiparticulate drug delivery system (MDDS) has become the preferred route in 

the pharmaceutical research for the development of solid dosage form due to its uniqueness of 

offering flexibility in tailoring drug release thereby achieve immediate release and/or controlled 

release formulations (3). This approach offers advantage of addressing key issues from 

pharmacokinetics and pharmacodynamics perspective and to some extend in regulation of 

company’s product life cycle management portfolio. The major advantages of the MDDS 

compared to other dosage forms are mainly with respect to formulation robustness yielding better 

pharmacokinetics profile with lesser variability in the in-vivo performance and ensuring patient 

safety (4). The MMDS offers flexibility of mixing different potency beads to achieve different 

dosage strength and release profiles from the same formulation can be achieved thus enabling 

ease of formulation optimization and scale-up. Unlike matrix tablet dosage form, development of 

a controlled release formulation mandates use of different concentration of polymer to achieve 
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different release profiles, in MDDS different profiles can be achieved by changing the percent of 

polymer coat still keeping the same formulation(5).  

 

Fig. 1-1: a) Coating Polymer embedded along with the drug called as matrix system                   
b) Coating Polymer deposited on the drug layered surface called reservoir system (6) 

 

 In this review article we will delineate a pathway for the development of multiparticulate 

drug delivery system and real time release testing of the coated drug product utilizing the 

principles of quality by design (7). The emphasis on implementing QbD during product 

development is to enable formulators to predict effect of scale up on the final product and also 

analyze and understand reasons for batch failures based on thorough process understanding and 

establishing adequate control strategy. The chapter systematically describes a step by step 

approach starting with establishing quality target product profile keeping the final product in 

mind and subsequent steps to identify the critical material attributes and critical process 

parameters using risk assessment and statistical design of experiments for developing in-process 

control strategy and real time release testing model for the critical quality attributes of the final 

drug product. Different polymers system and plasticizers typically used in the development of 

controlled release formulation have been listed along with film forming mechanism of the 
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polymer systems using aqueous based coating process.  Several literatures are cited from various 

examples illustrating the use of QbD principles in their research (8-10). Finally a case study 

example of developing real time release testing of a controlled release multiparticulate drug 

delivery system utilizing a non-conventional fluid bed system has been described in this paper. 

Details of assessing potential attributes affecting the critical quality attributes using Ishikawa 

model and thereafter assign risk levels using failure mode effect analysis model are described. A 

systematic step wise evaluation of the critical material attributes of the intermediate drug product 

and in conjunction process understanding and identification of the critical process parameters 

using various design of experiments methodology have been elucidated. The point is to show how 

the critical material attributes and critical process parameters can be linked together during 

various phases of product development to the critical quality attribute(s) of the final drug product. 

Finally, how in-process controls are identified during process development using process 

analytical technology, which can be utilized to establish control strategy. The in-process controls 

have to be established such that it can be employed to guide the process every time a batch is 

manufactured and also can be used to establish process signature of the process using univariate 

and multivariate approaches. Using the risk assessment, statistical design of experiments and in-

process controls strategy, real time release testing models can be developed so that the product 

can be released real time without performing in-lab analytical testing. A schematic example of 

real time release testing development roadmap illustrating various stages is as depicted in Fig. 1-

2.    
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Fig. 1-2: Schematic of Drug Development Using Quality by Design Principles 

 
Quality by Design Elements 

Quality Target Product Profile (QTPP) 

 Per the ICH definition “Quality target product profile can be defined as a prospective 

summary of the quality characteristics of the drug product that ideally will be achieved to ensure 

the desired quality, taking into account safety and efficacy of the drug product (11).  During the 

early phase of the product development, the first step is to define quality target product profile for  
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the drug product keeping the end in mind from quality, safety and efficacy perspective. The 

attributes listed in the QTPP are dynamic and are changed as more information is obtained during 

the drug product development. The initial QTPP attributes are defined based on the available 

information for the properties of the drug substance; dosage form and strength desired and target 

patient population. The quality attributes are listed in the QTPP only if pertinent to the target 

patient population safety and efficacy; other physical or chemical attributes should be listed under 

critical material attributes or critical process parameters, which are linked to critical quality 

attributes. The drafting of the QTPP in early stage product development is important part of the 

quality by design approach which allows delineating the development design of the final drug 

product. This approach of developing the product keeping the end in mind helps in proper 

selection of excipients, formulation components and unit operations. Some of the commonly 

listed attributes in the QTPP are dosage form, identity, strength, assay, content uniformity, 

impurities, stability, dissolution/disintegration (11). The QTPP philosophy of beginning with the 

end in mind allows a formulator to think ahead about the selection of appropriate excipients and 

unit operation, plan experimental design to yield robust process and ultimately develop in-process 

control strategy to ensure consistent drug product quality. All these elements  in conjunction 

allows to develop real time release testing of the drug product thus fulfilling the quality by design 

criteria of building quality into the product rather the testing quality in the product.  

 
Critical Quality Attributes (CQA) 

 The critical quality attributes of the drug product are identified from QTPP attributes 

which can directly affect the purity, safety and efficacy of the drug product(12).  The identified 

CQAs should always be met to yield consistent and reproducible drug product quality. Based on 

the ICH definition “Critical quality attributes can be defined as a physical, chemical, biological or 

microbiological property or characteristic that should be maintained within an appropriate limit, 
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range or distribution to ensure the desired product quality”(7).  The CQAs are dynamic elements 

that can be changed as more information is acquired during the product development phases.  The 

CQAs are classified as dependent variable of formulation and process attributes as these attributes 

can change significantly upon change in formulation or process outside the established design 

space and control strategy. The CQAs are important factors that helps guide through the product 

development i.e. selection of appropriate excipients and process development i.e. proper choice of 

process and establishing control strategy.  Typically there could be several critical quality 

attributes identified related to drug product, drug substance, excipients, or intermediate product, 

however only the once that can have direct impact clinically are listed after conducting risk 

assessment using Ishikawa and FMEA analysis.  CQAs can be considered as a link between the 

product performance and clinical safety and efficacy. The CQAs are identified using the risk 

assessment based on prior product knowledge, initial experiment data, clinical relevance of 

specific quality attributes etc. The CQAs for every dosage form is different i.e. for solids oral 

dosage form – product purity, drug release and stability, for inhalation dosage form –aerodynamic 

properties of inhaled product, for parenteral – sterility, for transdermal – adhesion. 

 

Pharmaceutical Development  

 In multiparticulate controlled release dosage forms as each excipient plays a vital role, 

the concept of design of experiments can help to make prudent decisions on the selection of the 

excipients and its concentration based on the critical material attributes identified at the early 

feasibility stages of the product development using qualitative risk analysis.  Also, not only the 

critical material attributes of the formulation be optimized they can be tested in parallel with the 

processing conditions by simultaneously evaluating the critical process parameters. The use of 

statistically designed experiments in early stages of product development along with systematic 

risk assessment of the material attributes and process parameters applicable for the processes can 
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improve overall robustness of the formulation design (13).  The concept of design of experiments 

explains that the experiments should be conducted in a sequential manner so that the information 

gained from one experiment can be applied to the next experiments. Thus rather than conducting 

very large experiments from the beginning and using all the resources, it is wise to conduct 

smaller experiments and building the results.  

 

Critical Material Attributes and Critical Process Parameters 

 Critical material attributes are identified from raw materials consisting of drug substance 

and excipients, and intermediate drug product. The physico-chemical property that can 

significantly impact the performance of the final drug product separately and in conjunction with 

the identified critical process parameters are deemed as critical material attributes. The potential 

material attributes are identified using the risk assessment tools i.e. Ishiwaka and FMEA models 

along with design of experiments screening studies.  When evaluating process parameters the list 

consist of type of equipment, equipment batch setting and processing conditions. Critical process 

parameters can be termed as process inputs that can significantly impact the critical quality 

attribute of the final drug product if operated outside the established proven acceptable range and 

design space.  Thus critical process parameters can be classed as independent variables, which are 

determined systematically using risk assessment tools and statistical design of experiments and 

are monitored and controlled based on the assigned risk level.  A compiled list of potential critical 

process parameters for various unit operations related to solid dosage form is listed in review 

article (10). The list provided is created on theoretical assumption, however based on dose, 

dosage form, selection of excipient and related critical material attributes the listed CPP may or 

may not be deemed as critical and appropriate studies may be required.  
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Statistical Design of Experiments 

 In statistical design of experiments direct relationship between independent factors i.e. 

formulation or process factors to that of responses can be deduced.  The design of experiments 

are conducted to determine which factors are most influential and determine the input ranges for 

those factors so that the output often termed as response demonstrates minimum variability (14). 

The DoE can be used to perform various studies like screening, process understanding, 

interaction, process optimization and determination of design space for the critical process 

parameters. Most of the statistical design utilized during various stages of the product 

development includes two level or three level full factorial designs 2(n) or 3(n) (n=number of 

factors studied).  

 The full factorial and response surface designs are typically used to study either 

formulation components or process variables with regards to model main effects and 2FI 

independently.  However, during the early stages of the product development, it is not fruitful to 

evaluate all factors of interest in full factorial design by trying all possible combination of setting 

i.e. suppose you have six factors to be evaluated at two levels then under the full factorial design 

the number of experiments to be conducted will be 26 = 64 runs and now if the number of factors 

doubled then the total number of experiments increases exponentially to  212 = 4096 runs. Just by 

doubling the number of factors to be studied, the number of runs increases from 64 to 4096, 

which of course is not a pragmatic approach and also not cost effective. In this scenario, the other 

statistical option that can be adapted is to use just a fraction of the design called as fractional 

factorial design. The fractional factorial design can be used for early screening purpose and there 

are different resolution of the design that can be adapted depending on the outcome of the design  

i.e. whether the main effects and 2FI need to be computed or just the main effect.  The resolution 

of the fractional factorial design dictates power of the experimental design. It can be generalized 
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that lower the resolution of the design, there are certain interaction effects that are confounded 

with other effects and thus main effects and/or 2FI terms may be studied independently.   

 It is always prudent to perform design evaluation with regards to the power of the design 

(signal/noise ratio i.e. change in response/experimental error can be determined to see small 

changes (∆y) in the response going from one level to other) and to make sure that adequate 

number of experimental runs are designed to achieve at least an 80% chance (power) at the 5% 

alpha threshold level for significance (95% confidence interval) to reveal a change in response 

(15). The other attributes also considered as part of design evaluation are standard error of the 

coefficients estimate, variance inflation factor (measures lack of orthogonality and multi-

collinearity), the leverages of the design points (design point that can affect the fit of the model 

coefficients also called regression coefficients) and the minimum degree of freedom to model the 

lack of fit and pure error.   

 The other design approach that can be utilized during the early screening stage is Plackett 

and Burman design.  The design utilizes different way to fractionalize the design where the 

number of runs is a multiple of 4, rather than a power of 2. The downside of this design is that it 

is a resolution III design, whereby the main effects can get aliased with the 2FI thus it is difficult 

to predict if the main effects are true effects coming from single factor or is combination of 

several significant effects.  The center points in any design of experiments are included to 

determine curvature effect i.e. test range of linearity, experimental error (pure error) and lack of 

fit.  After conducting screening and process understanding design of experiments, to optimize and 

explore operation region of a process called as design space, response surface methodology 

designs can be adapted.  

 When selecting a response surface design, several attributes need to be taken into 

consideration i.e. orthogonality, rotatability and adding star points or axial point to achieve a 

design orthogonal and rotatable. Usually the axial points are defined based upon the axial 
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distance (α) i.e. distance of star points from the center of the design(16). To illustrate response 

surface design, a central composite circumscribed design (CCCD) is chosen to explore areas 

outside the process range to determine edge of failure of the design space. In a typical CCCD the 

factorial points are conducted at two levels along with two levels of axial points and one level of 

center point.  Thus every factor is evaluated at five different levels to map the response surface 

for optimum maxima and minima with center point of the operating range (17; 18).   

 In all statistical designs, the analysis of variance (ANOVA) is calculated using partial 

sum of squares method and the mathematical model is fitted using least-squares regression. The 

various approaches for building design of experiments are compiled using the stat-ease Design 

Expert® software and listed in Table 1-1.  
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Risk Assessment  

 The risk assessment is a science based approach and is performed periodically throughout 

the product development to understand impact of the material attributes and process parameters 

on the critical quality attributes of the drug product. The purpose of risk assessment is to identify 

high risk formulation and process variables. This preliminary evaluation will help to design 

appropriate experiments to gather more information and eventually help build design space for 

those variables. Additionally, as the project progresses, the risk assessment models will be 

updated to re-evaluate the risk level assignment and control strategy will be implemented.   

 As stated earlier, the QbD approach will utilize the concept of design of experiments at 

different stages of the product development based on the risk assessment to screen, identify and 

control the source of variability in materials and process.  Based upon the knowledge established 

for formulation and process variables at various stages of the product development by conducting 

characterization studies and design of experiments, the risk level for each identified risk factor 

will be updated and monitored/controlled accordingly (19). The initial risk assessment performed 

based on cause and effect (Ishikawa) and failure mode and effect analysis models categorize the 

risk factors as low, medium and high. The low risk factors are deemed as acceptable risk, whereas 

the medium and high risk factors are deemed as acceptable and unacceptable risk respectively. 

The acceptable medium risk still needs to be monitored closely, while the unacceptable risk is 

further investigated. 

 

Ishikawa Fishbone Diagram and Failure Mode and Effect Analysis (FMEA) 

 The Ishikawa fishbone diagram is also called as cause and effect diagram.  The fishbone 

diagram analysis is theoretical evaluation of all possible attributes that can significantly impact 

the quality of the final drug product. All possible attributes related to raw material, drug 

substance, process, analytical method, environment etc. are listed in the diagram.  Using this 
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approach, the initial list of potential parameters can be very extensive, but subsequently narrowed 

upon performing preliminary experiments and then subjecting to FMEA analysis to determine the 

risk level (8).  In order to assign risk level, usually a team of experts from differnent departments 

like process development, manufacturing, facilities, equipment maintenance participate in a brain 

storming session to determine severity, occurrence and detection of these attributes.  The severity 

score is associated with the seriousness of failure and the impact of this severity reflected on the 

end product use. The occurrence and detection are associated with deviation related to 

manufacturing when operated outside the proven range and results into anticipated failure. The 

occurrence score measure the frequency of failure, while the detection score measure probability 

of timely detection and correction of the failure before end product use. After all scores are 

assigned they are multiplied to come up with a risk priority number (RPN), which are then ranked 

to identify the parameters with low risk, medium risk and high risk.   

 Thus the FMEA risk levels are based on risk priority (RPN) number derived from 

potential attributes failure mode severity (S), occurrence probability (O) and likelihood of 

detection (D). The risk levels are decoded further such that the low risk factors are considered 

acceptable risk, whereas the medium and high risk factors are considered acceptable and 

unacceptable risk respectively. The acceptable medium risks are monitored closely during the 

process development, while the unacceptable high risks are further characterized and investigated 

using statistical design of experiments approach.   

 

Formulation Components and its Relation to Film Formation 

Coating Polymers 

 Coating polymers can be broadly classified into two types; functional and non-functional. 

The functional coating polymers are used to modify the drug release from a dosage form, whereas 
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the non-functional coating polymers are used for immediate release dosage form to provide 

aesthetic look or to prevent from dust.  The other purposes of coating are to perform taste 

masking or to act as a moisture barrier.  The three major factors that contribute to the success of 

the coating process are coating formulation, process parameters and starting substrate core i.e. for 

tablet coating are the uncoated tablets and for multiparticulate are drug layered beads or inert core 

material made of sugar spheres or microcrystalline cellulose (20). Depending on the physico-

chemical property of the drug substance and the unit process adapted, the polymers selected for 

coating are based on its solubility, permeability and glass transition temperature.  

 The most commonly used polymer systems in the development of controlled release solid 

dosage forms may be classified into two categories i.e. pH dependent and pH independent  (1; 

21). The pH dependent polymers are usually intended for enteric coating, where the drug is 

released in the intestinal track depending on pH changes. More detail information for polymers 

types are listed in Table 1-2. Some polymer system may exhibit high glass transition (Tg), hence 

will require a plasticizer to lower the Tg. The function of a plasticizer whether hydrophillic or 

hydrophobic is to lower the glass transition temperature of a polymer system i.e. transition from a 

brittle state to a more flexible rubbery state (22; 23). The film formation is more uniform and 

reproducible when the film is in rubbery state and easily spreadable. After a polymer coat is 

uniformly applied, further processing called as curing is conducted to ensure complete film 

formation.  

 The temperature at which the film is cured is one of the important parameters for film 

coating which can affect the rate of complete film formation. Insufficient polymer film coating or 

film curing can lead to erratic dissolution, which may ultimately lead to sub-therapeutic drug 

levels or toxic levels based on the physico-chemical properties of the drug molecule.  The 

selection of the plasticizer level and type dictates the glass transition temperature of the polymer, 
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which in turn determines the minimum film formation temperature for film curing so as to yield 

complete coalesced film (24).  

    Table 1-2: Commonly Used Polymers for Coating 

Type Polymer Class Water Soluble Water Insoluble 

pH 
Independent 

Cellulose Derivative 

Methyl cellulose 

Ethyl cellulose Hypromellose 
Hydroxypropyl cellulose 
Hydroxyethyl cellulose 

Vinyl Derivative Polyvinyl alcohol Kollidon® SR Polyvinyl pyrolidone 
Acrylates  Eudragit® NE30D 

pH 
Dependent 

Cellulose Derivative 

 
 
 
 

N/A 

Cellulose acetate 
phthalate 

Hydroxypropyl 
methyl cellulose 

phthalate 
Hydroxypropyl 
methyl cellulose 
acetate succinate 

Vinyl Derivative Polyvinyl acetate 
phthalate 

Acrylates Eudragit® EPO 

Metha Acrylates 
(Eudragit® L100, 
S100, RL 100, RS 

100 
 

Plasticizers 

 Majority of the pharmaceutical polymers utilized in development of a controlled release 

formulation are brittle below its glass transition and upon spraying onto a core substrate does not 

yield smooth continuous film (21).  Thus, the situation demands addition of an external agent that 

can reduce the glass transition temperature of the polymer i.e. transition from hard glassy state to 

rubbery flexible state and cause the polymer particle to deform and interdiffuse to form 

continuous film. This is precisely the role of an effective plasticizer, which demonstrates 

compatibility with the polymer system utilized and remains intact upon contact with 

physiological fluids or different stability conditions.   These compounds called as plasticizers are 
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low molecular weight materials, liquid in nature at room temperature and have very low glass 

transition temperature typically -50˚C to -150˚C.  

 The main function of incorporating a plasticizer into a polymer system is to lower glass 

transition temperature of the polymer thereby imparts flexibility and processability. Additionally, 

plasticizer significantly modifies the physico-chemical properties of the formed film with regards 

to water uptake, thermal behaviour, water vapor and oxygen permeability.  Water soluble 

plasticizers make solutions when mixed with aqueous polymer dispersion system whereas the 

insoluble plasticizers are emulsified into aqueous polymer dispersions and requires higher time 

for mixing during the coating solution preparation phase. With insoluble plasticizers, their 

dispersion is described as a water phase, polymer phase and plasticizer emulsified droplets phase.  

The amount and type of plasticizer required for a coating system depends on the glass transition 

temperature of the polymer and its interaction between them with regards to solubility, which is 

ruled by the Fox equation.; 

1
Tg

= w1
Tg1

+ w2
Tg2

                                                                 Equation 1 

 

Where Tg1 and Tg2 are the respective Tg’s of the individual components, and w1 and w2 are 

weight fractions of components 1 and 2, respectively. The plasticizer functions by interposing 

between every individual strand of the polymer and cause breakdown of the polymer-polymer 

interactions.  Thus the complex structure of the polymer is converted into a more porous and 

pliable form. The mechanical properties of polymer films typically observed with addition of a 

plasticizer results into decrease in tensile strength for deformation i.e. increase plasticity, decrease 

in elastic modulus and increase in film elongation. Plasticizers very often soften and swell the 

polymer particle thus help in deformation at a lower tensile force, thus enable film elongation.  
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     Table 1-3: Commonly Used Plasticizer for Coating 

Water Soluble Water Insoluble 

Triethyl Citrate Acetyl Tributyl Citrate 

TriAcetin Dibutyl Phthalate 

Diethyl Phthalate Dibutyl Sebacate 

Acetyl Triethyl Citrate Tributyl Citrate 

Polyethylene Glycol Acetylated Monoglyceride 

 

Polymer Film Formation 

Stages of Film Formation using Aqueous Based Coating System 

 As a pseudolatex coating dispersion is sprayed on to a substrate, evaporation process 

initiate to form a homogenous and continuous film under ideal processing conditions called film 

formation. It is very interesting to study that in a pseudolatex dispersion the polymer particle are 

stabilized using deflocculating agents so that they do not agglomerate in the system, and then the 

very same particles are made to overcome their repulsive forces and made to fuse with each other 

after they are sprayed onto a substrate to form a continuous film (25).  

 
Fig. 1-3: Film Formation Using Organic Polymer Solution(6) 
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 The most common adapted film formation concept is listed here in which the colloidal 

particles come close together to form densely packed stack of deformed particles and ultimately 

form a continuous film (26). In other word, this phenomenon of film formation happens in three 

stages; 1) Evaporation of the water and ordering of the particles 2) Particle deformation and 3) 

Interdiffusion of polymer particle- particle boundaries (27; 28) 

 

Stage 1: Evaporation of the Solvent and Ordering of the polymer particles 

 The inception of the film formation occurs in the first stage where evaporation of the 

water associated with the polymer droplet particles and simultaneous arrangement of these 

particles in ordered fashion occurs. There are several drying models in the literature, however the 

most general accepted model assume that transport of water occur efficiently between water/air 

interface. The work conducted by vanderhoff et. al. suggest evaporation of the water in three 

phases; water lose from the surface of the polymer droplets (water/vapor interface), followed by 

rapid decrease in rate of water lose as the particle starts to assemble in orderly fashion (related to 

total area between water/air interface) and finally dimished rate of water loss at the particles are 

fully ordered. In the last stage the water escape by diffusion from the ordered particle stack either 

in between the particle or through particles. The polymer particles start to order due to water 

evaporation thus affecting the pseudolatex dispersion system’s stability.  

 

Stage II: Particle deformation 

 In the film formation process the particle deformation phase does not happen below the 

minimum film formation temperature of the polymer system. Minimum film formation 

temperature is determined experimentally in which the cast film becomes continuous and clear 

above the minimum film formation temperature and they are dry, opaque and powdery below. 

MFT also referred by crack point. It is the minimum temperature at which the film is free of 
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cracks and the turbidity disappears. In this stage, due to different interface interactions (wet 

sintering – water-polymer interface, capillary action – water/air interface and dry sintering – 

polymer/air interface), surface tension is created and the capillary forces of the interstitial water 

disrupt the repulsive forces of the polymer particles and start the deformation process. Due to the 

particle deformation, the polymer phase forms a consolidated structure getting rid of the water.  

 

Stage III: Interdiffusion of polymer particle- particle boundaries 

 The basic requirement of this stage is that polymer interdiffusion will happen only above 

the glass transition temperature of the polymer. As in rubbery state, the polymer chains have 

increase molecular mobility and free volume. The polymer particles having high thermal energy 

being in the rubbery state occupy the voids in the free volume. Thus, they come close to each 

other leading to coalescence and fusion of the particles. Additionally, due to higher molecular 

mobility the polymer particles under interdiffusion process forming strong stable link in the form 

of a continuous film.  
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Fig. 1-4: Film Formation Using Aqueous Polymer Solution(6) 

 

Implication of Improper Film Conditions 

 The capillary force, which is the main driving force for polymer deformation will 

dissipate if the polymer particles are too rigid to be deformed and the water evaporates due to un-

optimized coating conditions. The rigid polymer particles are formed if the coating process is 

conducted at a temperature below the glass transition temperature of the polymer/plasticized 

complex or if the plasticization of the polymer particle itself inadequate. Additionally, if the inlet 

air humidity i.e. process humidity is low then water in the coating can evaporate quickly, thus 

diminishing the capillary force action resulting in incomplete film coalescence. Improper drying 

and curing conditions with regards to temperature, humidity and time will affect the rate of heat 

transfer not allowing the coating dispersion droplets to spread evenly on the surface of the core 

substrate and promote particle deformation finally yielding complete film coalescence.  
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 As the deformation of the polymer particle is time dependent, then extended capillary 

action due to maintenance of adequate humidity during the coating will yield better particle 

coalescence and film formation.  

Importance of the Polymer Film Curing  

 The curing of the pseudolatex dispersion system is the final step in the coating process to 

ensure continuous film demonstrating consistent drug release over the entire shelf life of the 

product. The curing of the polymer film is dependent on the glass transition temperature of the 

polymer, plasticizer type and amount, temperature, humidity and time (residual water in the film). 

If the polymer film is completely cured it ensures consistent drug release and physical stability 

thereby confirming homogeneous distribution and utilization of all the excipients. The under 

curing or partial coalescence may have different dissolution properties than fully cured coatings.  

The partially or incomplete coalesced films will show different results compare to fully coalesced 

films, because the former films are inherently unstable and will cure slowly over time resulting in 

decrease in drug release.  

 From product development and regulatory perspective, it is imperative to demonstrate 

complete film coalescence for long term stability of the drug product. The other side of under 

curing is the problem associated with over curing. Over curing of a polymer coating excessively 

at a higher temperature can have negative effect on drug release due to possibility of the drug 

migration to the coating surface because of drug-polymer affinity. As a consequence, faster drug 

release is observed because of drug crystallization and creation of void in the coating. A balanced 

curing conditions from the coating process need to be adapted and that can be optimized using the 

principles of quality by design (29).   
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Control strategy - Real Time Release Testing 

 Control strategy is a dynamic process established to ensure that consistent quality of drug 

product is produced every time a batch is manufactured.  It is a control wherein the source of 

variability is identified, understood and appropriately controlled (30). Thus control strategy in 

nutshell is defined as plan of controls for the attributes of the incoming raw material i.e. drug 

substance and excipients, intermediate product (drug layered beads), process parameters, in-

process controls, and finished drug product. These controls are developed based on risk 

assessment models developed during each step of the development stage (31).  Within control 

strategy, in-process controls at every stage of product development are important as it helps to 

keep check of the input, during the manufacturing and the output. These in-process controls set 

during manufacturing enable to make adjustment to the process as required.  

 The control strategies are established based on the final drug product, formulation and 

process understanding, which consist of control of the critical material attributes and critical 

process parameters. If the source of variability is well understood as to how it can impact on 

downstream processes, then that information can be utilized to control the source of variability 

upstream and help in establishing real time testing models. The real time release testing falls 

within overall control strategy and can be defined as the methodology that has the capability to 

assess the quality of the in-process product and/or the final drug product during manufacturing. 

The real time release testing utilized process data which is combined measure of critical material 

attributes and critical process parameters to assess the quality real time (32; 33).   

 The process analytical technology tools like near infra-red spectroscopy, raman 

spectroscopy, FBRM , acoustic signaling can be utilized to develop in-process control strategy 

that can help to develop real time release testing model (31; 34-37).  In coating process, at 

mentioned earlier curing of the polymer is important to ensure complete film formation and 
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process analytical tools in conjunction with in-vitro studies can be utilized to study efficiency of 

curing as a function of processing conditions (38). 

 
Overview of the Real Time Release Testing Case Study Example 

 In this review paper for the RTRT case study example, excerpts from the research work 

conducted using non-conventional fluid bed system and Ciprofloxacin HCl drug as the model 

drug for the development of Controlled release multiparticulate is listed. The details of the study 

and results can be found in Chapter 3, 4 and 5.  The starting material used for this study was 

Ciprofloxacin HCl drug layered beads hence some aspect of risk assessment and process 

development for the drug layering process is not listed or evaluated. The study path shown in this 

example will emphasize more on the coating aspect of the drug development; however same 

principles would apply for the drug layering process with regards to the risk assessment and 

process development as mentioned later in this review paper.  

 The specific aim of the study was to utilize the principles of quality by design (ICH Q8 

and Q9 guidelines) to develop Ciprofloxacin HCl controlled release multiparticulate system. The 

risk assessment was performed periodically throughout the development to understand impact of 

the material attributes and process parameters on the critical quality attributes of the drug product. 

The purpose of risk assessment was to identify high risk formulation and process variables and 

this preliminary evaluation helped to design appropriate experiments to gather more information 

and eventually build design space for those variables. As the project progressed, the risk 

assessment models were updated to re-evaluate the risk level and control strategy was 

implemented.  
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QTPP and Study Design 

 During the early phase of the research, the first step was to define quality target product 

profile (QTPP) for the drug product. The drafting of the QTPP along with its justification is listed 

in Table 1-4. This approach of developing the product keeping the end in mind helped in proper 

selection of excipients, formulation components and process. After the QTPP was defined, the 

critical quality attributes (CQAs) of the drug product were identified based on the purity and 

efficacy of the drug product (Table 1-5). The research was conducted systematically in distinct 

stages to deduce a link between the critical material attributes (drug substance and excipients) and 

critical process parameters (risk assessment and design of experiments approach in parallel), 

which can affect the critical quality attributes of the final drug product are listed below.  

1. Established QTPP and identified  CQAs keeling the end product in mind 

2. Performed risk assessment of the formulation variables and process parameters pertaining to 

the drug layered beads, coating components and coating process. The preliminary theoretical 

risk assessment was performed based of the Ishikawa bone diagram followed by (cause and 

effect) FMEA models after performing initial experiments. 

3. Conducted initial screening experiments based on one-factor-at-a time approach (OFAT) to 

determine batch size, spray rate optimization and process ranges.  

4. Conducted preliminary process understanding experiments using fractional factorial 

resolution V design of experiments as a novel disk-jet fluid bed technology was utilized. 

5. Identification of critical process parameters and further process understanding was 

conducted in two parts to study effect of humidity on film curing process. The study was 

conducted using resolution IV design; one without center point and other with center point.  

6. Process optimization study using response surface methodology was conducted to identify 

the design space for the critical process parameters. 
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7. Design space for the coating process was confirmed using next scale equipment by 

conducting process ranging scale-up studies.  

8. In-Process Control strategy and Real Time Release Testing Models were developed using 

near-infrared spectroscopy and process signature for the coating process was established using 

univariate and multivariate approaches.  

 

       Table 1-4: Quality Target Product Profile – Ciprofloxacin HCl Coated Beads 

QTPP Elements Target Justification 

Dosage Form 
Controlled Release 

Multiparticulate Bead 

Dose flexibility, 
Reproducible PK profile, 
Less variability, less side 

effects 
Route of Administration Oral Better Patient Compliance 

Dosage Strength 100 mg 
Dose achieved based on 

coated beads strength and 
selection of capsule 

Drug Product quality 
attributes 

Identification Compendial 
Assay 95 – 105% 

Degradation Products Compendial 
Drug Release In-House specifications 

Moisture NMT 2% 
Residual Solvent Compendial 
Microbial limits Compendial 

Particle Size distribution In-House specifications 
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 The formulation composition of the Ciprofloxacin HCl drug layered beads and coated 

beads are shown in Table 1-6. Ciprofloxacin HCl drug layered beads used as a core substrate 

(obtained from Spansules, India) were manufactured using a pan coater in that the drug premixed 

with Mannitol was adhered on the sugar spheres using povidone as a binder solution. The other 

excipients were dissolved in the binder solution. The beads were then dried in a dryer at 50-60oC 

for 24 hours prior to final sieving process. The coating formulation consisted of controlled release 

polymer ethyl cellulose aqueous polymer dispersion (Aquacoat® ECD 30% dispersion with d50 ~ 

450 nm), hydrophillic plasticizer triethyl citrate and D & C Red # 27.   

 In a multiparticulate delivery coating system, selection of the polymer and plasticizer 

type and its concentration can have significant impact on the drug release of the drug product. In 

this study as the polymer was decided based on project collaboration, selection of the polymer 

system was taken into account during the initial risk assessment for the coating formulation 

components. The ratio of plasticizer to polymer was fixed based on vendor’s recommendation, 

prior knowledge and experience.  Coating of the Ciprofloxacin HCl drug layered beads was 

performed using the OYSTER Hüttlin Mycrolab® fluid bed system, which was fitted with 1 L 

bowl and spray nozzle diameter of 0.8 mm. After all the coating solution was sprayed, the beads 

were cured after drying. The final beads collected were screened through 12/18 mesh and further 

characterized. 
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Risk Assessment 

 Built on the QbD approach the study utilized statistical design of experiments and risk 

assessment at various stages of the process development to screen, identify and control the source 

of variability in materials and process.  Based upon the knowledge established for formulation 

and process variables at various stages of the product development by conducting characterization 

studies and design of experiments, the risk level for each identified risk factor were updated and 

monitored/controlled accordingly. The initial theoretical risk assessment using Ishikawa (cause 

and effect model) was performed considering all the potential contributing factors including 

formulation components for the drug layering and coating, coating process parameters, analytical 

methods and environmental factors. Then based on initial preliminary experiments, prior 

knowledge and experience the potential factor were further isolated and subjected to failure mode 

and effect analysis models, where they were categorize into risk factors as low, medium and high. 

The low risk factors are deemed as acceptable risk, whereas the medium and high risk factors are 

deemed as acceptable and unacceptable risk respectively. The acceptable medium risk still needs 

to be monitored closely, while the unacceptable risk is further investigated. The risk assessment 

for this study listed below was performed systematically per the modified release example 

guidelines published by the regulatory agency (39).  

 

Risk Assessment of the Formulation Variables 

 The material attributes of the drug substance and excipients those having impact on the 

critical quality attributes of the drug product have been delineated from theoretical standpoint as 

the drug layered beads are procured directly from an outside vendor, hence not in direct control to 

further characterize.  The drug layered beads are manufactured using powder layering process,  

hence it is important to control drug substance and excipients critical material attributes from 

upstream. The drug substance and excipients attributes listed here are based on theoretical 
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evaluation of the physico-chemical characterization performed keeping in perspective the 

intended formulation and process. The excipients that could potentially affect the critical quality 

attributes of the final drug product are the mannitol and the sugar spheres i.e. inert substrate 

cores. The other excipients utilized in the drug layered beads formulation are in very minor 

quantity and used in solution during the drug layering process, hence deemed non-critical. The 

theoretical risk assessment of mannitol and sugar spheres conducted as they are added in dry state 

in the formulation during the manufacturing process is presented below.  

 Risk assessment of the drug substance attributes is presented in Table 1-7 and its 

justification is presented in Table 1-8.  A risk assessment of the drug substance attributes ranked 

as high risk required further investigation, while the low risk attributes did not require any further 

investigation. Similarly, the potential excipients risk assessment is presented in Table 1-9 and its 

justification is presented in Table 1-10.  
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 Excipients compatibility study was also conducted wherein the drug layered beads were 

mixed with the excipients of the intended coating formulation i.e. polymer (Aquacoat® ECD) and 

plasticizer (Triethyl citrate) separately in 1:1 ratio and evaluated under 40oC/75%RH and 50oC 

for 8 week in closed container.  No compatibility issues were found.  As mentioned earlier  the 

Ciprofloxacin HCl drug layered beads are procured from outside vendor, hence material attribute 

of the drug layered beads were not within direct control to further address the risks associated 

during the manufacturing of the drug layered beads and hence not presented in this paper.  

However, characterization conducted on the drug layered beads to determine critical material 

attributes that can significantly impact the critical quality attributes were the assay, particle size 

and surface morphology of the drug layered beads. These attributes dictates the amount of drug 

deposited on to the sugar spheres and on the batch processing time.  

 It was observed that higher the percent of drug layered on to the inert substrate yielded 

irregular and rough drug layered beads. Based one risk and characterization, the potency of the 

drug layered beads was selected. The drug layered beads obtained for subsequent coating were 

characterized for 1) assay (composite and sieve fractions), 2) particle size distribution, 3) surface 

morphology and 4) aspect ratio. The risk assessment and its justification for the drug layered 

beads and coated beads are presented in Table 1-11 and Table 1-12 respectively. The risk 

assessment and justification of the coating formulation variables are presented in Table 1-13 and 

Table 1-14 respectively.  
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Risk Assessment of the Process Variables  

 The coating process utilizes a novel fluid bed technique from OYSTAR Hüttlin referred 

to as disk-jet technology is being utilized, which offers some advantage over conventional fluid 

bed process. The disk-jet technology utilized for the R & D scale equipment Mycrolab® involves 

air distribution opening at a 45° angle in the bottom stainless steel plate creating a vortex in the 

expansion chamber ensuring fast and uniform product mixing. Due to this uniqueness, lower 

volume of air is utilized thus reducing particle attrition and process times thereby achieve higher 

coating efficiency. The risk assessment along with justification of the intermediate drug product 

and process variables is listed in Table 1-15.   
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Statistical Design of Experiments to Identify Critical Process Parameters and 

Establish Design Space 

 In multiparticulate controlled release dosage forms as each excipient plays a vital role, 

the concept of design of experiments can help to make prudent decisions on the selection of the 

excipients and its concentration based on the critical material attributes evaluated at the early 

feasibility stages of the product development.  Also, not only the critical material attributes of the 

formulation be optimized but they can be tested in parallel with the processing conditions by 

simultaneously evaluating the critical process parameters. The use of statistically designed 

experiments in early stages of product development along with systematic risk assessment of the 

material attributes and process parameters can improve overall robustness of the formulation 

design (40).  In this project only the coating process development is discussed at length as the 

drug layered beads are procured from an outside vendor. The concept of design of experiments 

explains that the experiments should be conducted in a sequential manner so that the information 

gained from one experiment can be applied to the next set of experiments. Thus rather than 

conducting very large experiments from the beginning and using all the resources, it is wise to 

conduct smaller experiments and building the results.  

 In this study a novel disk-jet technology has been utilized for the coating process, hence it 

was imperative to study process understanding from thermodynamic and fluid dynamic 

perspective. The first set of design of experiments was conducted using placebo inert substrate 

core microcrystalline cellulose beads to establish process understanding and identify critical 

process parameters for the coating process. The study utilized fractional factorial resolution V 

design with 4 center points. The purpose of using resolution V design was to study both the main 

effects and two factor interactions (2FI). The center points were included to evaluate lack of fit  

and determine curvature effect and pure error. The resolution V design is useful for estimating the 

main effects and 2FI. The two factor interactions will only be aliased with 3FI and higher 
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interactions. This design was ideal to understand the process and determine significant critical 

process parameters and interactions amongst these factors.  The information generated from this 

design of experiments was subsequently utilized to draft the next set of experiments after 

conducting more preliminary studies to determine initial processing conditions range using active 

drug layered beads, batch size and coating level determination and spray rate optimization. All 

these experiments were again conducted using one-factor-at-a-time approach as no interaction 

factors were intended to be studied.  

 The identified critical process parameters from previous design of experiments were 

further utilized in the next study, which utilized fractional factorial resolution IV design 

conducted in two blocks i.e. one without center point and another with center point.  The purpose 

of the resolution IV study was to identify and confirm the critical process parameters identified 

from previous study and also to understand the film curing process under different humidity 

conditions. The resolution IV design was useful for estimating all main effects; however the 2FI 

would aliased with other two factors and higher interactions. With this approach if the 2FI are 

unlikely, not significant or enough information has been established then this design can 

significantly reduce the number of run while still getting the necessary information from the 

design.  In typical two level designs, it is assumed that the effect of the significant factor on the 

evaluated response is linear in the studied range, however, it is imperative to always study if there 

exist any non-linear component associated (quadratic relationship). Hence, center points were 

included in one block to test the curve-linearity of the factor and the response.  The significant 

critical process parameters identified were further optimized using a response design with the 

process ranges adjusted based on the information obtained from resolution IV study.  

 The response surface design utilized was central composite rotatable circumscribed 

design in which each factor was varied over 5 levels i.e. plus and minus alpha (axial points), plus 

and minus 1 point (factorial points) and central points. Unlike, the fractional factorial where 
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curvature or non-linear relationship between the factors and response cannot be fitted, central 

composite response surface design can exactly do that (quadratic model). By adding the star 

points to the simple 2-level factorial design points rotatable design can be achieved i.e. it is 

constant on the circles around the origin. The purpose of using quadratic model was to estimate 

all main effects (linear terms), 2FI terms and pure quadratic terms. The quadratic terms will allow 

to model maxima and minima and be able to find optimum conditions. The response surface 

design was useful to elucidate the design space for the identied critical process parameters, which 

were further evaluated and confirmed using next scale equipment. The risk assessment models 

were updated as more information was gained over the different stages of the process 

development. The next scale equipment experiments were drafted to further test and confirm the 

design space for the critical process parameters established using response surface design. The 

non-critical parameters were held constant after initial preliminary work, while the critical 

process parameters along with inlet air humidity were evaluated using two process ranging 

studies (design space range and extended design space range) and the design space was refined to 

accommodate any scale effect.  

 

Process Analytical Tools - In-Process Control Strategy and Real Time Release 

Testing  

 In order to yield same product from one batch to another, one needs to demonstrate 

robustness and consistency in the process. This can be accomplished by thoroughly understanding 

the process by establishing control strategy for each stage of the manufacturing process. As part  

of the QbD paradigm, modern process analytical technology can be utilized as a tool to help 

establish in-process control strategy from upstream and downstream of the manufacturing process 

(41). Additionally, part of the control strategy is to develop real time release testing (RTRT) 

models for the final drug product based on relationship of material attributes and process controls 
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and product attributes. The main purpose of establishing real time release testing models is 

having the capability to analyze a batch during and/or end of the manufacturing process using 

various measurement technique in-line, on-line, off-line and at-line testing (32). In this study 

process analytical tools like Pyrobuttons and near infra-red spectroscopy were utilized  to 

understand film formation curing process in addition to establishing in-process control strategy 

which in conjunction helped to develop real time release testing models (42).   

 

Pyrobuttons – A Novel Process Analytical Tool 

 Pyrobuttons are data from Opulus used to monitor real time changes in temperature and 

humidity in-situ. In this study Pyrobuttons were utilized to understand thermodynamics changes 

in the fluid bed equipment due to mass and heat transfer during the spraying, drying and curing 

cycles by monitoring moisture kinetics and related temperature changes. They were first 

programmed off-line before the start of each batch and placed at different locations in the fluid 

bed. At the end of each batch, the data is downloaded and the changes in temperature and 

humidity can be used to establish trends in the process and establish process signature using 

univariate analysis for the process based on moisture kinetics and process efficiency related to 

process parameters. Ultimately all these factors help in establishing control strategy for real time 

release testing of critical quality attribute.  

 

Near Infrared Spectroscopy 

 In addition to Pyrobuttons, near infra-red spectroscopy technique was utilized to build 

chemometric models for different phases of the coating process. The study utilized non-

conventional approach to establish in-process control strategy. The coating process was divided 

into two distinct phases i.e. first polymer deposition phase, which dictates the process efficiency 
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of the coating process and second polymer curing phase based on the extent of curing and amount 

of residual moisture in the final product.  

 

Process Efficiency Model 

 The NIR model for the process efficiency was build using uncured samples from the 

process optimization study i.e. response surface design of experiments. The color utilized in the 

study was intimately mixed in the coating solution, thus the amount of color can be used as a 

surrogate marker to determine the amount of polymer deposited on the drug layered beads. The 

color used in the study demonstrated strong intensity peak in the visible region, hence taking 

advantage of this information spectral peak changes due to the color from all samples were used 

as process efficiency indicator and modeled for amount of coat deposited on the drug layered 

beads. The process efficiency was determined based on the absorbance value which was 

compared against control batch manufactured within the design space of the critical process 

parameters. So batches demonstrating high absorbance value of the color peak showed close to 

theoretical process efficiency of the control batch indicating adequate amount of polymer 

deposited, whereas batches those demonstrated low absorbance value of the color peak indicate 

lower process efficiency and less amount of polymer got deposited which can be very useful to 

initiate feedback control to coat for longer time until adequate polymer gets deposited.  

 This in-process control model help to ensure that adequate amount of polymer get 

deposited before starting the next step of the coating process i.e. curing. If adequate amount of 

polymer is not deposited, the drug release will be different irrespective changing curing 

conditions and operating in unexplored zone can sometimes impact the final end product.  
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Extent of Curing Model 

 The next step of the coating process after demonstrating adequate amount of polymer is 

deposited is the film curing stage i.e. extent of curing, which dictates the quality of film 

formation.  Some pre-requisites with regards to the extent of curing needs to be defined before 

modeling can be initiated.  The most important question that needs to be answered in support of 

developing extent of curing model is how one can ensure that the film is completely cured with 

regards to curing conditions or in other words determine the curing end point. To establish limit 

for the curing condition i.e. curing temperature and curing time that can be utilized as a marker 

for the extent of curing model, different cured samples from the process optimization response 

surface design of experiments were scanned using NIR and in-vitro dissolution was performed. 

As the response surface design of experiments utilized different process setting covering the 

design range along with axial point, the dissolution data from different curing conditions were 

analyzed.  

 The outcome of the results suggested the limits for the curing temperature and curing 

time to be utilized for the extent of curing model. In order to further confirm the finding of the 

RSM study, a confirmatory batch manufactured using the design space and set up under 

accelerated stability conditions dissolution data was utilized. After confirming the curing 

conditions limit to determine curing end point, in order to develop extent of curing model, 

samples from the RSM study cured at 60oC were utilized. The NIR spectra of these batches from  

samples cured at 60oC were obtained at different curing times i.e. uncured, 0.5 h, 1 h, 2 h, 3 h and 

4 h. The extent of curing model was build using the spectral information of the water band around 

2010 nm and the –OH region of the polymer system from 1950 - 2020 region. The philosophy 

behind the extent of curing modeling was purely based on mechanistic perspective i.e. principles 

of film formation from aqueous pseudolatex dispersion system, which occurs in distinct stages in 

presence of critical factors like temperature, time and humidity.  All these factors were 
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successfully modeled using the spectral changes in the water band region and hydroxyl group of 

the ethyl cellulose region. Thus in-process control strategy model for the extent of curing was 

established correlating quality of film formation to residual moisture evaporation rate under 

appropriate curing temperature and humidity conditions.  

 

Loss on Drying Model 

 The purpose of developing the Loss on drying model as part of the in-process control 

strategy was to utilize the final moisture information as a surrogate marker in conjunction with 

extent of curing model to determine curing end point quantitatively. The spectra were obtained 

from the RSM study samples; the uncured beads, DoE study design point cured beads (1 h, 2 h or 

3 h) and 4 h cured beads. The NIR technique is a sensitive technique to determine spectral 

changes in the water region due to the O-H stretching, hence was used to model loss on drying. 

The most important factors, which affected the residual surface moisture from the coated beads, 

were product temperature during the polymer spraying process and during curing process. In 

addition during the curing process, humidity of the inlet air also impacted to some degree the 

water evaporation rate thus the final moisture content of the coated beads.  

 It was found that as the residual surface moisture evaporated, the water band peak 

diminished. Based on the quantitative moisture data of the coated samples, spectral changes in the 

water band from loss on drying and information from the extent of curing model, a quantitative 

correlation could be established to determine curing end point. 

 

Real Time Release Testing – Dissolution Model 

 The conventional method of dissolution testing for a controlled release drug product is 

very laborious and time consuming before batch’s quality status can be determined. Coating is a 

very complex process involving several process parameters interacting with each other and even 
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though near infra-red spectroscopy is considered as a powerful technique to detect raw material 

spectral changes, it is often difficult to isolate process related spectral changes.  To understand 

overall variability associated with the multiparticulate coating process it is imperative that the raw 

materials spectral changes are studied in conjunction with the processing parameters, which will 

help to establish real time release testing model. Before developing real time release testing 

dissolution model, in-process control strategies were established, which can initiate feedback and 

feedforward mechanism to produce consistent final drug product.  

 The three in-process models listed earlier delineates pathway for the quality of film 

formation and ultimately yield drug product with consistent drug release. A novel approach called 

as data fusion method was adopted in this study, which utilizes different cured samples NIR 

spectral information from RSM batches along with respective processing conditions to predict 

specific dissolution time points.  The RSM design point cured samples NIR spectra after pre-

processing were subjected to principal components and the scores analysis along with the 

processing conditions were used to build calibration model. The significance of this approach is 

that all the variability arising from the raw material can be captured via spectral changes along 

with the processing conditions to ensure adequate prediction capability by the dissolution model 

for specific time points. Based on the cross-validation results, it can be concluded that the RTRT 

dissolution models are deemed appropriate for the prediction of drug release at specific 

dissolution time points.  

 

Process Signature Using Multivariate Statistical Process Control 

 In this study to develop process signature utilizing multivariate statistical approach, the 

coating process parameters inlet air temperature, product temperature, outlet air temperature, inlet 

air humidity, chamber humidity and outlet air humidity were modeled together using NIR 

technique. The in-process data for the spraying process and curing process over time from the 
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RSM study target batches were compiled together and subjected to principal component analysis 

to condense latent variables in the form of scores to capture all process variability. The scores 

obtained from the PCA analysis were then plotted against time to delineate process signature for 

each phase of the coating process i.e. first two stages- preheat and vacuum loading, third stage is 

spraying of the coating solution, fourth stage is drying and finally the last stage is curing.  The 

process signature developed using the MSPC approach can be utilized for better process 

understanding that can be used to track the batch progress or to evaluate the root cause of the 

failed batches. 

 

Conclusion 

 Quality by design has become an integral and essential part of product development, 

which utilizes sound science in conjunction with statistical approach to build quality in the drug 

product.  The strategy of developing drug product systematically by adapting preliminary 

elements of the QbD i.e. establishing quality target product profile keeping the end in mind, 

identifying critical material attributes and critical process parameters using risk assessment and 

optimizing process using statistical design of experiments can help in curtailing longer 

development timelines. The design space for a process can be established by linking the critical 

material attributes and critical process parameters to the critical quality attributes of the drug 

product to yield consistent and reproducible product batch after batch and this information can be 

utilized to build control strategy that can help to develop real time release testing models. This 

review paper exemplifies a case study that can be utilized as a prototype example for the 

development of controlled release multiparticulate system using the principle of quality by design 

and adopting the control strategy to develop real time release testing model which is now the core 

of the drug development process.  
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CHAPTER 2 Hypotheses and Specific Aims 

Hypothesis 1 

In a controlled release multiparticulate drug delivery system, if the quality of final drug product 

manufactured using non-conventional fluid bed technology is related to the heat and mass transfer 

and particle fluidization mechanism, then understanding of the critical material attributes and 

critical process parameters systematically using risk assessment and statistical design of 

experiments can be used to understand the process and correlate the influence of the identified 

critical process parameters to the critical quality attributes of the final drug product.  

Specific Aim 1 
 

To identify potential attributes (formulation and process) using Ishikawa risk assessment 

model followed by preliminary screening experiments to determine initial processing 

ranges, optimize batch size and spray rate using one factor at a time (OFAT) approach. 

 

Specific Aim 2 
 

To subject the identified potential parameters from screening study to risk analysis using 

FMEA model to assign risk level and evaluate these high risk parameters using design of 

experiments for process understanding. 

 

Specific Aim 3 
 

To identify critical process parameters using design of experiments and evaluate effect of 

processing conditions on film formation and curing. 
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Hypothesis 2 

If the extent of film curing is related to moisture and product temperature during the 

spraying and curing of the coating process and if these parameters are independent across 

manufacturing scales, then defining design space of these critical process parameters and 

evaluating stability of the film coat can ensure the film curing is complete to yield 

consistent dissolution irrespective of manufacturing scales 

 

Specific Aim 1 
 

To optimize the coating process using responses surface methodology and establish process 

signature for the coating operation along with design space for the critical process parameters 

using different statistical approaches  

 

Specific Aim 2 
 

To manufacture confirmatory batch utilizing the design space from the response surface study 

and evaluate stability of the final coated beads cured at different curing times stored under ICH 

accelerated storage conditions 

 

Specific Aim 3 
 

To assess effect of scale on coating attributes like process efficiency and extent of curing from 

one scale to another scale equipment within the same class, challenge the design space of the 

critical process parameters using scale-up batches 
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Hypothesis 3 

If the physical and/or chemical changes in the coated multiparticulate beads can be 

detected using process analytical tools, then chemometric in-process control strategy and 

real time models can be developed using near infrared spectroscopy 

 

Specific Aim 1 
 

To utilize near infrared spectroscopy methodology to develop in-process models as part of the 

control strategy per the quality by design principles (via. process analytical technology - attributes 

those impact the quality of film formation) 

 - Process Efficiency 

 - Extent of Curing 

 - Loss on Drying 

 

Specific Aim 2 
 

To utilize a novel data fusion approach to predict dissolution time points using the spectral 

information and in-process data information of the critical process parameters 
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CHAPTER 3 A Systematic Approach of Employing Quality by Design 
Principles: Risk Assessment and Design of Experiments to Demonstrate 
Process Understanding and Identify the Critical Process Parameters for 
Coating of the Ethylcellulose Pseudolatex Dispersion Using Non-
Conventional Fluid Bed Process and NIR approach for Film Curing 
Classification Model3 
 
Abstract 

The goal of this study was to utilize risk assessment techniques and statistical design of 

experiment (DoE) to gain process understanding and to identify critical process parameters for 

the manufacture of controlled release multiparticulate beads using a novel disk-jet fluid bed 

technology.  The material attributes and process parameters were systematically assessed using 

the Ishikawa fish bone diagram and failure mode and effect analysis (FMEA) risk assessment 

methods.  The high risk attributes identified by the FMEA analysis were further explored using 

resolution V fractional factorial design.  The resolution V fractional factorial DoE study was 

conducted using an inert substrate core to gain process understanding of how the processing 

parameters affect the physical attributes of the final bead coating.  Based on the knowledge 

gained from the resolution V process understanding study, a resolution IV fractional factorial 

DoE study was conducted using drug layered of an active substrate core.  The purpose of the 

resolution IV study was to identify the critical process parameters (CPP) of the coating process 

that can significantly impact the critical quality attribute of the final drug product and also 

understand the influence of these parameters on film formation quality.  For both studies the: 

microclimate, atomization pressure, inlet air volume, product temperature (during spraying and 

curing), curing time and percent solids in the coating solutions were studied.  The responses 

evaluated were percent agglomeration, percent fines, percent yield, bead aspect ratio, median 

                                                      

3  Bhaveshkumar H. Kothari , Ahmed Ashour, Raafat Fahmy, Gregg Claycamp, Christine M. V. 
Moore, Sharmista Chatterjee, Stephen W. Hoag 
To be Submitted to AAPS Phar Sci Tech 
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particle size diameter (d50), assay and drug release rate.  Pyrobuttons® were used to record real 

time temperature and humidity changes in the fluid bed during coating operation. NIR 

spectroscopy was used to develop a model that classified the bead coating as either uncured or 

cured.  The risk assessment models, the DoE studies and process analytical tools were useful in 

exploring the novel disk-jet technology operating principles, and help to systematically develop 

models of the coating process parameters like process efficiency and the extent of curing during 

the coating process. 
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Introduction 

In this study, a non-conventional fluid bed technology was explored; this technology uses 

a disk-jet process where the inlet air travels through the expansion chamber in a centrifugal 

fashion as opposed to vertical or gravitational airflow used in the Wurster based process.  The 

disk-jet is a patented technology of OYSTAR Huttlin (Now Bosch); the circular air movement is 

created by a unique stainless steel perforated air distributor plate, which has slots cut at a 45o 

angle, which creates a vortex in the expansion chamber; this ensuring fast and uniform product 

movement and mixing.  With this design dead spots in the fluid bed are minimized even with 

lower air volumes; thus this design yields higher process efficiency and coating can proceed very 

efficiency.  Also, it is claimed that the air pattern generates fewer fines and less agglomeration.   

In a controlled release latex and pseudolatex coatings, the curing rate is dependent upon 

formulation factors (type and amount of plasticizer) and processing factors like air volume, 

atomization air, coating and curing temperature, curing time and humidity (1-4).  The curing of 

polymer films at a temperature below their Tg (glass transition temperature) leads to a slow 

transformation that can take from days to several years to complete.  Incomplete film formation 

has been shown to affect the dissolution rate of drugs from coated dosage forms (5).  Therefore, 

properly curing the film is essential, which generally happens at temperatures that are slightly 

higher than the Tg of the polymer.  For the film to fully cure, the latex particles must coalesces 

during the spraying process and subsequent drying and curing (which is a function of curing 

temperature, curing time and humidity) can contribute to the final quality of the drug product with 

respect to dissolution profile and assay (6).  Presently, the process of pseudo-latex film coat 

curing and the role of water in curing are still not well understood, and this lack of knowledge 

means that empirical process development is necessary, which in turn, increases the chance of 

incomplete film formation and variable dissolution kinetics.   
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Historically to develop a formulation, initial screening experiments were conducted using 

a “one factor at a time” (OFAT) concept, but with the advent of quality by design (QbD) concept, 

more effort is focused on understanding and characterizing the process in terms of critical process 

parameters, and on establishing an operational design space using multivariate statistical models 

(7).  The design of experiments (DoE) looks at all possible combinations of the factor levels, and 

selects the best subset from these points to fit a model which can serve as a predictive tool and 

also help establish a design space (8).  The use of process analytical technology (PAT) in 

conjunction with qualitative risk assessment and design of experiments statistical models, offers 

significant benefits in understanding coating process related attributes, including curing, and 

improves coating process efficiency (9).  The critical quality attributes of the final drug product 

depends on the quality of the coated beads, which in turn is dependent on the inert substrate core 

or drug layered beads, drug layering and coating formulation, processing conditions, film curing 

conditions, and overall interactions between these factors (10, 11).  

To understand the issues outlined previously, better process understanding and 

identification of the high risk process parameters is necessary, which is generally achieved by 

thorough investigation of all the potential factors affecting the process.  Typically, this can be 

accomplished using a systematic approach consistent with ICH Q8 and Q9 guidelines (12-14).  

As part of in-process control, process analytical technology tools like near infra-red spectroscopy, 

Raman spectroscopy, and acoustic signaling have been utilized related to coating process to 

determine coating thickness, particle size, etc. (15-19).   

A literature review showed that the Ciprofloxacin HCl has been developed into several 

different dosage forms including mucoadhesive nanosuspension (20), floating bioadhesive 

extended release tablets (21), swellable, floating and sustained release tablets (22), and 

ciprofloxacin loaded Eudragit RS-100 or RL/PLGA nanoparticles (23). No work has been 
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published to develop Ciprofloxacin HCl multiparticulate controlled release beads using fluid bed 

technology and a hydrophobic coating polymer system like ethylcellulose aqueous dispersion.  It 

has previously been demonstrated that controlled release polymer systems like ethylcellulose, 

Eudragit L100, Eudragit S100 etc. can be utilized to develop a controlled release multiparticulate 

system (24) that convey advantages including predictable gastric emptying, flexible release 

patterns, and a lesser risk of dose dumping (25, 26).  The aims of the present study are to 

systematically utilize risk assessment and statistical design of experiments approaches to explore 

the non-conventional, novel disk-jet fluid bed technology to manufacture controlled release 

multiparticulate beads.  Given that a novel fluid bed technology is utilized in this study, it is 

imperative to understand the process with regards to thermodynamic and fluid dynamic changes 

that occur during the coating operation and impact on the physical attributes of the coated drug 

product.  

Based on QbD principles, the first step is to identify high risk attributes using Ishikawa 

and FMEA risk assessment tools.  The identified high risk attributes are quantitatively 

characterized using a resolution V fractional factorial design of experiments.  Taken together, the 

identification of high risk attributes and the DoE demonstrate process understanding of the novel 

fluid bed process as a function of processing parameters that can impact physical properties of the 

final coated drug product.  The knowledge gained from resolution V study is utilized to design 

resolution IV fractional factorial design of experiments to identify the critical process parameters 

that can influence the critical quality attribute of the coated drug product by impacting the quality 

of film formation.  Finally, as a proof of concept for classification, a model is built to classify the 

cured beads from the uncured beads.  The information from this study forms a basis for further 

optimization of the critical process parameters and for establishing a design space for the coating 

operation.  
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Materials and Methods 

Materials 

Microcrystalline cellulose (MCC) beads (Celpheres CP-507, 500 to 710 µm) lot # 50G3 

were obtained from Asahi Kasei, Tokyo, Japan; Ciprofloxacin HCl (Cipro) layered beads 

(particle size range 1000-1400 µm) lot #CH/SF/0010112 obtained from Spansules, Hyderabad, 

India; ethylcellulose (EC) aqueous polymer dispersion (Aquacoat® ECD 30% dispersion with d50 

~ 450 nm) was used as a controlled release polymer system; lot #s JN11822703 and JN11823341 

were obtained from FMC biopolymer, Newark, DE; triethyl citrate (TEC) was used as a 

hydrophillic plasticizer; lot # 110171 was obtained from Vertellus, Greensboro, NC; D&C Red # 

27 was used a color (surrogate marker) to monitor progress of the coating process; lot # AL9922 

was obtained from Colorcon, West Point, VA.  All reagents utilized for assay and dissolution 

testing were either HPLC or ACS grade. 

Bead Coating  

Coating was performed using the Mycrolab® fluid bed system from OYSTER Huttlin 

(now Bosch GmbH, Schopfheim, Germany).  The fluid bed equipment was fitted with a 1L bowl 

and a Huttlin 0.8 mm diameter spray nozzle; the coating solution was supplied by a peristaltic 

pump.  The nozzle microclimate, nozzle atomization pressure, inlet air temperature, and inlet air 

volume were controlled by the equipment control systems.  The coating dispersion was prepared 

by diluting aqueous ethylcellulose pseudolatex dispersion, screened through 853 µm screen, with 

water (Table 3-1).  Triethyl citrate was added with continuous stirring using a magnetic stirrer.  

After mixing for 30 minutes, D&C Red # 27 pigment was added and mixed for an additional 30 

minutes.  The final coating dispersion was screened through 152 µm screen.  
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For all resolution V DoE studies, the coating formulations were sprayed to a 10% w/w 

dry weight gain on the inert MCC cores.  For all resolution IV DoE studies the coating 

formulations were sprayed to a 5% w/w weight gain on the Cipro drug layered beads; this yielded 

a theoretical final potency of 252 mg/g for the cipro coated beads (Table 3-1). The polymer to 

plasticizer ratio was fixed for all the batches. 

 
Table 3-1: Formulation Composition of the Coated Beads 

Ingredient Resolution V Study Resolution IV Study 
Amt. (g) Amt. (g) 

MCC Beads 250.0 250.0 250.0 -- -- 
Cipro Drug Layered Beads (26.5%) -- -- -- 250.0 250.0 
EC Aqueous dispersion (30% solids) 66.7 66.7 66.7 33.3 33.3 
TEC (25% w/w of dry polymer weight) 5.0 5.0 5.0 2.5 2.5 
Deionized Water 95.0 53.3 28.3 47.5 14.2 
D&C Red # 27 pigment 0.1 0.1 0.1 0.1 0.1 
Final Batch Size† 275.0 275.0 275.0 262.5 262.5 
% Solids in the Coating Dispersion‡  15.0 20.0 25.0 15.0 25.0 
Total quantity of solution sprayed 166.7 125.0 100.0 83.3 50.0 

‡ Percentage of Ethylcellulose, triethyl citrate and D&C Red #27 in the coating solution 
† Dry weight of beads after coating 

 

A starting batch size of 250 g was selected for all coating experiments.  The Mycrolab® 

fluid bed was preheated before charging the substrate core and then the cores were equilibrated to 

the desired product spraying temperature.  In this paper, the product temperature during the 

spraying or coating process is referred to as spraying temperature, whereas during the curing 

process is referred to as curing temperature.  The processing parameters namely microclimate 

(MC), atomization pressure (AP) and inlet air volume (AV) were fixed for a run set, while the 

inlet air temperature was changed during spray rate ramp-up to achieve desired spraying 

temperature (PT).  The microclimate, atomization pressure and inlet air volume are independent 

variables and are controlled through the equipment settings.  Product temperatures, i.e., spraying 
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temperature or curing temperature, are dependent variables and are controlled via bead moisture 

content, inlet air temperature and air volume.  In the resolution V study, the spray rate was 

ramped up from 3, 5, to 7 rpm (approx. 0.6 g, 1.2 g and 1.7 g/min, respectively) in 20 minute 

intervals and was kept constant after reaching 7 rpm.  In resolution IV study, the spray rate was 

ramped up from 3, 5, 7, 9 to 11 rpm (approx. 0.6 g/min, 1.2 g/min and 1.7 g/min, 2.1 g/min and 

2.6 g/min respectively) in 5 to 10 minute intervals and kept constant after reaching 11 rpm.  After 

coating, the beads were dried for 5 minutes and thereafter cured for a period of time.  The final 

coated beads were collected and screened.  

Test Methods 

Percent Agglomeration, Percent Fines and Percent Yield 

Resolution V final coated bead batches were screened through 853 µm and 500 µm 

screens, whereas the resolution IV final coated bead batches were screened through 1680 µm and 

1000 µm screens.  Beads retained on 853 µm and 1680 µm screens determined percent 

agglomeration, and the beads that passed through 500 µm and 1000 µm screen determined 

percent fines.  Based on results from percent agglomeration and percent fines, percent yield of the 

batch is calculated as shown in equation 1 listed below. 

 

% 𝒀𝒊𝒆𝒍𝒅 =  𝑇𝑜𝑡𝑎𝑙 𝐴𝑐𝑡𝑢𝑎𝑙 𝐵𝑒𝑎𝑑𝑠 (𝑔)−[𝑎𝑔𝑔𝑙𝑜𝑚𝑒𝑟𝑎𝑡𝑒𝑠 (𝑔)+ 𝑓𝑖𝑛𝑒𝑠 (𝑔)+𝑆𝑎𝑚𝑝𝑙𝑒𝑠 (𝑔)]  
𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝐵𝑎𝑡𝑐ℎ 𝑆𝑖𝑧𝑒 (𝑔)

    X 100          (1) 
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Median Particle Size (d50) 

The median particle size (d50) was determined on the composite final coated bead 

samples using a Malvern laser diffraction instrument (Model #Mastersizer 2000 version 5.60).  

The dry powder laser diffraction method was performed with an optical setting of particle  

refraction index 1.500, vibration feed set at 50% and obscuration value in the range of 1-2%.  The 

dispersion medium pressure was set at 2 bar for the resolution V study, and at 1 bar for the 

resolution IV study.   

Aspect Ratio 

The aspect ratio was determined using image analysis in which photomicrographs of the 

pellets were taken using a digital camera (DKC-500 Sony) connected to an optical microscope 

(Nikon Eclipse E600).  The digital images were analyzed by image analysis software (Spot, 

version 3.5.6, Diagnostic Instrument Inc.) to measure the aspect ratio.  The aspect ratio was 

calculated by taking a ratio of minimum to maximum cord length.  The ratio is a measure degree 

of roundness, i.e. for round particle, the aspect ratio is 1.  Five beads were evaluated from each 

batch and averaged to determine the aspect ratio.  

Ciprofloxacin HCl Assay 

The ciprofloxacin HCl coated beads potency was measured using a RP-HPLC system 

(Shimadzu®SIL-10A auto sampler, Shimadzu® LC-10AS Binary HPLC Pump, Shimadzu® SIL-

10A auto injector, Shimadzu® SPD-10A UV-VIS Detector, Phenomenex® in-line degasser and 

Shimadzu® EZ Start version 7.3).  An isocratic method with a 1.5 mL/min flow rate was used 

with Inertsil® ODS 3 C 8, 5 µm, 4.6 x 250 mm column and 0.025 M phosphoric acid (adjust to 

pH 3.0+0.1 with triethylamine) : acetonitrile (80 : 20 v/v) as the mobile phase.  UV measurements 

were taken at 278 nm.  Injection of 10 µL of the standard resulted in a retention time of 3.8 min 
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with a run time of 7 min.  The exact weight of the unknown coated sample was recorded (usually 

100 mg) and transferred into a 50 mL volumetric flask.  The polymer from the coated beads was 

extracted using 15 mL of ethanol, and sonicated for 15 min using water batch under ambient  

condition.  After sonication, the solution was further diluted to 50 mL using the mobile phase, 

and sonicated for an additional 15 min.  From the extracted solution, 1 mL aliquot was withdrawn 

and transferred into a 10 mL volumetric flask, and diluted up to the mark with mobile phase.  

Finally, 10 µL of the diluted sample was injected and analyzed.  The unknown injected sample 

was compared to the known working standard using a similar concentration range. 

In-Vitro Drug Release Studies 

The in-vitro drug release studies were conducted on ciprofloxacin HCl coated beads from 

resolution IV batches  (100 mg of coated beads contained 25 mg of Ciprofloxacin HCl) in 900 

mL of 0.1N HCl at pH 1.2 ± 0.05 using a USP apparatus I – basket type SR8Plus (Hanson 

Research, Chatsworth, CA) at 100 rpm and 37 ± 5 oC.  The sample aliquots were withdrawn at a 

predetermined time interval of 30 min, using an auto sampler and measured using UV-Visible 

Spectroscopy (Pharmaspec UV-1700, Shimatzu Corp., Columbia, MD) at 276 nm wavelength.  

The drug content released was calculated based on the calibration curve and absorbance value for 

each time point.   

Process Analytical Tool   

A PAT tool from OPULUS, Pyrobuttons®, was used to monitor real time temperature and 

humidity changes at a predefined interval in the fluid bed system during the coating operation.  

The Pyrobuttons are small, rugged, stainless steel, 6 mm x 17 mm data-loggers that have a unique 

identification number for traceability purposes in the equipment location.  This device can 

measure temperature and humidity in the range of -40 °C to 125 °C and 10% RH to 80% RH 
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respectively.  In both resolution V and resolution IV DoE studies, eight Pyrobuttons were used 

and programmed to monitor temperature and humidity every 30 sec.   

The Pyrobuttons were placed in the Mycrolab® at different positions as shown in Fig. 3.1.  

The drying efficiency was determined for all the batches in the resolution V study; it can be 

defined as the capability of incoming air to remove an amount of moisture during the spraying 

and curing process (6).  The equation from the published paper was further modified to reflect 

heat loss from the system and correlate thermodynamic changes in the system to process 

efficiency of the process (equation 2).  These changes can help to understand the drying 

efficiency of the process, and also establish a process signature that can become part of an in-

process control strategy.  After each coating batch was completed, the data from the Pyrobuttons® 

were downloaded and plotted to study trends during the spraying and curing operations.  

 

𝐷𝐸% (𝑆𝑝𝑟𝑎𝑦𝑖𝑛𝑔) =  (𝐴𝑉∗𝑃𝑇∗𝐶𝐴𝐴𝐻)+(𝑂𝑇∗𝑂𝐴𝐴𝐻)
(𝐼𝐴𝑇∗𝐴𝑉∗𝐼𝐴𝐴𝐻+𝐿𝑆𝑅)  𝑋 100                      (2) 

 

𝐷𝐸% (𝐶𝑢𝑟𝑖𝑛𝑔) =  (𝐴𝑉∗𝑃𝑇∗𝐶𝐴𝐴𝐻)+(𝑂𝑇∗𝑂𝐴𝐴𝐻)
(𝐼𝐴𝑇∗𝐴𝑉∗𝐼𝐴𝐴𝐻)  𝑋 100               (3) 

 

Where DE is drying efficiency; AV inlet air volume (kg/h), PT Product temperature (oC), 

CAAH Chamber air absolute humidity (kg/kg of dry air), OT Outlet air temperature (oC), OAAH 

Outlet air absolute humidity (kg/kg of dry air), IAT Inlet air temperature (oC), IAAH Inlet air 

absolute humidity (kg/kg of dry air) and LSR Liquid flow rate at steady state (kg/h).   
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Fig. 3.1: Positions of the Pyrobutton in the Mycrolab Fluid Bed Equipment 

 

Near- Infrared (NIR) Measurement 

A NIR spectrometer (model XDS) with a RCA6500 sample holder (FOSS NIRSystems, 

Laurel, MD) was used in this study to scan the uncured and cured bead samples before, during, 

and after each experimental run.  Each spectrum was acquired by averaging 32 scans over the 

range of 400 – 2500 nm with a resolution of 0.5 nm.  The raw spectral data was processed using 

Matlab® software (version R2011b 7.13.0.564, The MathWorks Inc., Natick, MA) and PLS 

Toolbox® (version 6.5.2) by Eigenvector Research (Manson, WA). 

Risk Analysis  

The initial risk assessment of the potential material and process attributes was performed 

using cause and effect (Ishikawa) analysis in which all possible potential variables from 
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formulation and process were listed. Subsequently, we used prior knowledge, literature review, 

and the results of the preliminary experiments to further narrow the list of potential variables 

before performing a failure mode and effect analysis (FMEA).  In the FMEA, risk levels are 

assigned based on scores according to severity of the failure (S), probability of occurrence of the 

failure (O) and likelihood of detection of the failure (D).  After all scores are assigned for the 

three attributes (S, O and D), they are multiplied with each other to come up with a risk priority 

number (S x O x D = RPN).  They are then ranked to identify the parameters with low risk, 

medium risk, and high risk.  The low and moderate risk factors were deemed acceptable risk, 

whereas the high risks factors were deemed unacceptable risk.  The acceptable medium risks 

were monitored closely, while the unacceptable risks were further investigated using the design of 

experiments and statistical analysis.   

Design of Experiments and Statistical Analysis  

Both fractional factorial studies utilized Design Expert® (software version 8.0.4: Stat-

Ease, Inc., Minneapolis, MN) for creating and analyzing the design of experiments.  The factors 

to be evaluated were chosen based on the outcome of the risk analysis for the coating operation.  

The levels were determined based on preliminary coating experiments, making sure that 

significant noticeable changes in the responses were detected in the ranges established.  The 

resolution of both fractional factorial designs was chosen depending on the purpose and outcome 

of the study, i.e., whether the main effects and two factor interactions or just the main effect 

needed to be computed (27).  In the process understanding study, resolution V fractional factorial 

design was chosen since the main term effects and two factor interaction (2FI) terms needed to be 

evaluated independently to elucidate the effect of processing parameters.  In the resolution V 

fractional factorial design as the 2FI only alias with 3FI and higher orders, the design is ideal for 

screening studies.  After adequate information was gathered from the resolution V study, it was 
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prudent to use the resolution IV design in the next set of design of experiments to minimize the 

number of experimental runs.  The purpose of the resolution IV design was to identify critical 

process parameters and to study the influence of the processing conditions, including humidity, 

on the quality of film formation.  In the resolution IV design, all main effects are clearly 

estimated independently, while the 2FI aliases with 2FI, or higher order interactions.  

The factors in both designs were evaluated at two levels including center points.  The 

center points were included to determine experimental error (pure error), estimate lack of fit, and 

check for curvature effect (i.e., non-linearity in the response over the range studied).  Before 

executing the experiments, the power of the experimental design, (i.e., signal/noise ratio or 

change in response/experimental error), was determined to see whether small changes in the 

response could be detected going from one level to another and if the number of experimental 

runs were adequate to achieve at least an 80% chance (power) at the 95% confidence interval to 

reveal that change.  The other attributes used for the design evaluation were standard error of the 

coefficients estimate, variance inflation factor (to measure lack of orthogonality and multi-

collinearity in the design), leverages of the design points (to determine how a design point can 

affect the fit of the regression coefficients), the minimum degree of freedom to model the lack of 

fit, and pure error.  In both studies, design runs were randomized to negate any influence of 

biasness during batch manufacturing.  The ANOVA model term’s significance were deduced 

from the F-test and p-value criteria calculated based on total sum of squares, residual error sum of 

squares and regression sum of squares.  The regression coefficients for the model terms were 

deduced using the least square regression method (28).  

Resolution V Fractional Factorial Study Design 

The inert substrate MCC beads with particle size distribution between 500 - 710 µm were 

coated with Aquacoat® ECD at 10% w/w weight gain.  The various levels of the factors studied 
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are shown in Table 3-2.  A total of 20 experiments were conducted using a fractional factorial 

resolution V design with all factors evaluated at two levels, including 4 replicated center points 

(25-1 + 4 = 20).  The factors studied were microclimate, atomization pressure, air volume, 

spraying temperature, and percent solids in the coating dispersion.  All coated batches were cured 

at 60oC for 1 hr.  The relative humidity was monitored using the real time data loggers placed at 

different locations in the fluid bed system.  Responses studied were percent agglomeration, 

percent fines, percent yield, aspect ratio, and d50.   

 
   Table 3-2: Resolution V Study - Design Levels 

Variable Name Low Level (-1) High Level (+1) Center Point (0)     
Microclimate (MC) 0.2 0.4 0.3 

Atomization Pressure (AP) 0.6 1.0 0.8 
Inlet Air Volume (AV) 20 30 25 

Spraying Temperature (ST) 40 50 45 
% Solids in Dispersion 15 25 20 

 

Resolution IV Fractional Factorial Study Design 

The Ciprofloxacin HCl layered beads with particle size distribution between 1000 to 

1400 µm were coated with the Aquacoat® ECD at 5% w/w weight for the DoE batches as shown 

in Table 3-3.  The fractional factorial resolution IV study was conducted in two blocks to 

evaluate effect of humidity on film curing.  In this study, the block I is also referred to as DoE 

Part I, and block II is referred to as DoE Part II.  In block I, a total of 16 experiments were 

conducted with all factors evaluated at two levels ( 27-3  = 16) and in block II, a total of 20 

experiments were conducted with all factors evaluated at two levels including 4 center points ( 27-

3 + 4  = 20).  The factors evaluated in this study were microclimate, atomization pressure, air 

volume, spraying temperature, percent solids in the coating dispersion, curing temperature, and 

curing time.  The relative humidity was monitored using the real time data loggers placed in the 
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fluid bed system at different locations.  The responses studied were percent agglomeration, 

percent fines, percent yield, assay, and percent drug released (drug dissolution).   

  Table 3-3: Resolution IV Study - Design Levels 

Variable Name Low Level (-1) High Level (+1) Center Point (0) 
Microclimate (MC) 0.2 0.6 0.4 

Atomization Pressure (AP) 0.6 1.2 0.9 
Inlet Air Volume (AV) 24 40 32 

Spraying Temperature (ST) 35 50 42.5 
% Solids in Dispersion 15 25 20 

Curing Time (CT) 1 4 2.5 
Curing Temperature (CTemp) 50 70 42.5 

 

Results and Discussion 

The goal of this study was to gain process understanding and to identify critical process 

parameters for the manufacture of controlled release multiparticulate beads using a novel disk-jet 

fluid bed technology.  To achieve this goal, risk assessment tools were sequentially used, first 

high risk formulation and process variables were qualitatively identify then resolution V and IV 

factorial design of experiments were used to collect quantitative information about processing 

variables; the results of these studies are discussed in this section.  The data from the resolution V 

fractional factorial study improved our process understanding from a thermodynamic and fluid 

dynamics perspective, and quantitative information about how the processing parameters along 

with humidity impacted quality attributes like percent agglomeration, aspect ratio, and median 

particle size (d50).  The resolution IV fractional factorial design was designed based on the 

knowledge gained from the resolution V study.  The results from the resolution IV study will help 

to identify the critical process parameters and determine the impact of processing conditions 

including curing temperature, curing time and humidity on spraying process efficiency and film 

curing.   
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In both design of experiment studies, a direct relationship between independent factors 

and the responses was deduced, and the main effects and interaction terms were identified using 

half normal probability plots and Pareto charts.  The identified main effects and 2FI terms were 

checked for aliases with other terms and fit to a model for the responses studied.  The analysis of 

variance results were examined using a F-test, P-values, curvature, lack of fit, predicted R-

squared values, and adequate precision.  The regression model using ANOVA was further 

subjected to diagnostic plots to check for normality of residuals, constant error and outliers.   

 

Risk Analysis  

The quality by design approach, including the use of qualitative risk assessments and 

design of experiments, was used to screen, identify and design controls for the sources of 

variability in materials and processes.  To perform a qualitative risk analysis, the quality target 

product profile (QTPP) for the ciprofloxacin HCl coated beads needs to be defined.  The active 

pharmaceutical ingredient, Ciprofloxacin HCl, is marketed as immediate release and controlled 

release tablets.  The QTPP for the final drug product was established based on the knowledge of 

the drug substance properties, dosage form type, desired dose and compendial standards (Table 

3- 4).  The QTPP requirements for the coated beads were established based on existing 

information available in the literature (29, 30).   

The dosage form was selected keeping in mind dose flexibility and pharmacokinetics 

variability, while the route of administration was determined based on patient compliance.  

Typically, the dosage strength is determined based on clinical studies and target patient 

population; however, in this study, the dosage strength was determined based on the potency of 

the drug layered beads and percent polymer coating weight gain.  The drug product attributes 

were targeted taking into account patient’s safety. This approach of developing the product by 
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keeping the end in mind helped in the proper selection of excipients, formulation components, 

and manufacturing process.  

 

   Table 3-4: Quality Target Product Profile of the Ciprofloxacin HCl Coated Beads 
QTPP Elements Target 

Dosage Form Controlled Release Multiparticulate Bead 
Route of Administration Oral 

Dosage Strength 100 mg 

Drug Product Quality 
Attributes 

Identification 
Assay and Content Uniformity 

Impurity Profile and Degradation Products 
Drug Release 

Moisture 
Residual Solvent 
Microbial limits 

Particle Size distribution 
 

After the QTPP was defined (Table 3-4), the critical quality attributes (CQAs) of the 

drug product have to be identified.  To identify the CQAs for the Ciprofloxacin HCl Coated 

beads, a risk based approach was utilized, and all the potential attributes were listed, and then 

further classified from patient’s perspective. The identified CQAs were then subjected to 

qualitative risk assessment; the justification of its criticality is listed in Table 3-5.   
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 Table 3-5: Critical Quality Attributes for the Ciprofloxacin HCl Coated Beads 
Critical 
Quality 

Attribute 

Additional 
Controls 
Needed 

Justification 

Identification No Can be controlled upstream using NIR 

Assay Yes Sub potent or super potent beads will yield variable dose and 
dissolution profile  

Degradation 
Products No Based on literature information (31) Ciprofloxacin stability is 

well established  
Drug 

Release Yes Important from In-vivo and In-vitro correlation, surrogate for 
in-vivo performance – bioavailability  

Moisture No 
Based on literature data (32), Ciprofloxacin is stable in 

presence of residual moisture and moisture can be controlled 
downstream as part of control strategy  

Residual 
Solvent No Manufacturing process does not utilize any organic solvent  

Microbial 
limits No 

Present study beads are coated with hydrophobic polymer that 
does not promote microbial growth and can be controlled 

upstream 
Particle Size 
Distribution No Low amount of coat thus no significant increase in the PSD of 

the final drug product 
 

For multiparticulate coating systems, the selection of the polymer and plasticizer type and 

concentration will have significant impact on the critical quality attribute of the drug product.  In 

this paper, the coating polymer and its ratio to plasticizer was selected using an optimized 

formulation from vendor research and literature information (33).  Hence, the critical material 

attributes of the coating formulation composition was not subjected to risk assessment or further 

optimization.  The Ciprofloxacin HCl layered beads were procured from an outside vendor; 

hence, we did not consider the drug layering process in our risk analysis.  Instead, we used the 

layered beads as a material input, and thus examined the material attributes of the layered bead 

that significantly affect the coating process and final drug product quality.  Because little has been 

reported in the literature on the novel disk-jet technology coating processing parameters used in 

this study, we performed some preliminary experiments using the one factor at a time (OFAT) 

approach to isolate the potential process parameters, which could then be assigned a risk level for 

the FMEA.  In the OFAT experiments, only one factor of the several processing parameters was 
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changed and its effect evaluated on the physical attributes of the final drug product (data not 

shown); from these studies the parameter ranges were determined.  

 In the initial FMEA risk assessment, the drug layered beads and coating dispersions were 

used as material inputs and coating dispersion homogeneity, fluid bed equipment, and coating 

process variables were used as process inputs.  FMEA links in a semi quantitative manner the 

likelihood of occurrence and severity of harm in addition to detecting the harm.  As risk 

assessment models are dynamic, they serve as a conduit between different stages of product 

development and provide a basis to design further experiments.  Furthermore, they help to 

establish a control strategy to mitigate the risk level for the critical in-coming material attributes, 

and the critical process parameters that may directly impact the critical quality attribute of the 

final drug product.   

The initial risk assessment using FMEA and its justification are summarized in Table 3-6 

and Table 3-7.  The results from the FMEA concluded that the failure modes for the drug layered 

beads and fluid bed equipment were either low or medium risk hence they were controlled and/or 

monitored elsewhere.  The failure modes for the coating dispersion (% solids in the coating 

dispersion) and coating process (atomization pressure, microclimate, spraying temperature, inlet 

air volume, inlet air dew point, curing temperature and curing time) were considered high risk 

variables; these variables were explored further using statistical design of experiments.  Based on 

the outcome of the DoE results, the risk assessment models were updated, and the high risk 

variables that impacted the CQA were controlled and monitored downstream using an in-process 

control strategy.  

In summary, risk assessment using Ishikawa (results not shown) and FMEA approach 

enabled us to identify potentially high risk parameters.  These parameters were then further 

evaluated using the statistical design of experiments resolution V fractional factorial as discussed 



 

 

81 

 

in the next section.  The purpose of linking risk assessment to the DoE was to develop adequate 

knowledge of process understanding and identify CPP.  Further understanding of the CPP reduces 

the risk through development of a control strategy.  As listed in Table 3-7, the factors/parameters 

deemed as high risk (% solids in the coating dispersion, spraying temperature, microclimate, 

atomization pressure, air volume, and inlet air dew point) were further evaluated using resolution 

V fractional factorial design of experiment.  The curing temperature and curing time, along with 

other listed factors listed in resolution V study, were studied in resolution IV fractional factorial 

design of experiments.  
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Resolution V Fractional Factorial Study 

The resolution V fractional factorial design builds on the FMEA analysis, will be used to 

gain a better process understanding and screening to understand operating principles of the novel 

fluid bed technology, and to study the effect of processing parameters on the physical quality 

attributes of the final coated beads.  The design layout and results of the resolution V fractional 

factorial design are listed in Table 3-8.  The results outline the effect of the processing conditions 

on the responses studied, i.e., percent agglomeration, percent fines, percent yield, aspect ratio and 

median particle size.  It was found that the percent agglomeration ranged from 0% to 48%.  In 

addition, DoE batch # 10 manufactured at a low level of microclimate and atomization pressure, 

and at a high level of air volume and spraying temperature, failed due to formation of an 

excessive amount of agglomeration.  This resulted in bed de-fluidization, and finally, crashing of 

the batch due to over wetting of the bed.  Batches manufactured at different processing conditions 

generated a significant amount of fines ranging from 0.1% - 0.6%.  It was found that the degree 

of agglomeration affected the percent yield and medium particle size of the final coated beads.  

The percent yield, which is calculated based on amount of agglomeration and fines is directly 

impacted by these attributes.  It was also observed that as the degree of agglomeration increased, 

it resulted into larger median particle size of the final coated beads.  The median particle size 

ranged from 625 µm to 689 µm.  The relationship between the degree of agglomeration and 

median particle size is explained in a later section.  

Using the data generated from the DoE batches, the main effects and interaction terms 

were estimated using ANOVA.  Values of "Prob > F" less than 0.050 indicate model terms for the 

ANOVA model are significant.  The residual analysis for the "Lack of Fit F-value” yielded higher 

values which indicate that the model successfully fit all the design points and the Lack of Fit is 

not significant relative to the experimental error.  The curvature effect was also found to be 
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insignificant indicating no quadratic terms.  The overall model information for the responses 

studied is shown in Table 3-9.   
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No significant generation of fines was observed for any of the DoE batches, hence 

percent fines was statistically deemed not significant for the range of all the process variables 

studied.  Similarly, percent yield, which is calculated based on the percent agglomeration and 

percent fines, was also deemed statistically not significant after taking out the outliers from the 

data evaluated.  In ANOVA, one of the assumptions is the data is normally distributed and, if it is 

not, then the data needs to be transformed.  Normal distribution can be determined by testing for 

normality of the residuals. In this study, the response percent agglomeration (Y1) data was 

transformed using square root transformation.  The summary of the overall model ANOVA 

predicted results are as shown in Table 3-10.  The "Predicted R-Squared" covers the population 

variance whereas the "Adjusted R-Squared" covers the variance from the model terms (28); these 

two terms are in close agreement to each other.  As part of diagnostic analysis, the precision of 

the model was evaluated; a higher ratio for the signal to noise indicates that the model has 

adequate precision and that the signal is not from the noise.  In fractional factorial design of 

experiments, the main objective is to estimate the main effects, hence the predicted R-squared and 

adjusted R-squared values can be overlooked and the model fitted based on ANOVA, with 

adequate precision values to ensure the responses are not confounded due to noise. 

 

Percent Agglomeration 

The resolution V design experiments produced coated beads with a varying degree of 

agglomeration.  Typically, agglomeration is associated with an overly wet environment due to 

inadequate mass and heat transfer.  For the resolution V experiments, the spray rate was 

optimized and kept constant and the incoming air humidity levels were similar for all resolution 

V batches (i.e., the moisture input was the same); thus, the degree of agglomeration can be 

attributed to the degree of inter particle shear created by particle movement in the fluid bed, 
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polymer droplet size, coating zone temperature, and the intrinsic tackiness of the coating polymer 

at a given processing condition.  

The inter-relationship between the processing parameters (effect of air volume, spraying 

temperature and atomization pressure) and the degree of agglomerate formation is shown in Fig. 

3-2.  The DoE batches are classified into four types, (maximum, intermediate, minimum, and 

least) based on the percent of agglomerate formation, which can then be related to the processing 

parameters utilized for each experiment.  The degree of agglomeration resulted from each 

experimental point in the design can be attributed to individual or combined effects from mass 

and heat transfer, air flow movement patterns in the fluid bed system, or an intrinsic characteristic 

of the polymer system.  It was found that maximum agglomerates were formed in batches 

manufactured at higher spraying temperature and lower atomization pressure.  The effect did not 

seem pronounced at a lower air volume.  It can be suggested that maximum agglomeration is a 

result of the intrinsic characteristics of the polymer system.  The least amount of agglomerates 

was formed in batches manufactured at a high level of atomization pressure and air volume, and 

at a low level of spraying temperature.  This result is the combined effect of efficient mass and 

heat transfer occurring spontaneously due to adequate air movement in the bed.  The center point 

batches demonstrated intermediate agglomerate formation, which can be attributed to the 

combined effect of the processing parameters and the intrinsic characteristics of the polymer 

system.  
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 Fig. 3-2: Effect of Critical Process Parameters on % Agglomeration                           

 (Legend = Degree of Agglomeration in percent) 
 

The inert substrate core MCC with particle size ranging between 500 – 710 µm, can be 

classified as fine particles and will exhibit higher surface area to volume ratio compared to 

courser particles when exposed to the coating zone in the fluid bed system.  By spraying the 

polymer dispersion at a lower atomization pressure, it will yield larger droplets, which upon 

contact with the core substrate particle’s surface that is exposed to high spraying temperature, 

will get deposited on multiple adjacent particles at the same time.  When the polymer is exposed  

to a higher spraying temperature, it will become extremely rubbery due to its change from the 

rubbery state to the close to melt state and, thus, will exhibit tackiness.  Additionally, if the 

particle movement is sluggish due to lower air volume, then the warm air current will not diffuse 

through the wet bed efficiently and liquid bridges of the polymer droplets will form between 

adjacent particles.  The solvent from the liquid bridges will eventually evaporate resulting in the 

formation of agglomerates.  Thus, the formation of agglomerates can be attributed to several 

parameters including particle size of the substrate core, polymer dispersion droplet size (which is 
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a function of atomization pressure and microclimate), and mass and heat transfer (which are 

dependent on temperature and humidity around the coating zone). These parameters can have a 

combined effect or an individual effect.  

The half normal plot as shown in Fig. 3-3a shows that microclimate (A), atomization 

pressure (B), air volume(C), spraying temperature (D), percent solids (E) are deemed as 

significant (main effects) for the percent agglomeration (Y1).  Additionally, 2FI interactions (AB, 

AD and BD) were observed and found to be significant.  These main effects and 2FI are also 

identified using a Pareto chart as shown in Fig. 3-3b.  The contour plots as shown in Figs. 3-3c 

and 3-3d, can be utilized to optimize the degree of agglomeration at high and low levels of other 

main effects like microclimate, air volume and percent solids.  Similar observations as shown in 

Fig. 3-2 were deduced from the contour plot data mapped at low levels and high levels of the 

other main effects.  At a low level, as the spraying temperature increased from 40 oC to 50 oC, the 

percent of agglomeration increased from 10% to 40%, while at a high level, it increased from 2% 

to 10%.  Thus, it can be proposed that the percent of agglomeration is minimized when the 

spraying temperature is low and the other main effects are high, and is maximized at higher 

spraying temperature and when the other main effects are at low levels.  The data supports the 

theory laid out in the earlier section that at a lower spraying temperature with higher air volume 

and atomization pressure creates smaller droplets and allows the polymer droplets to deposit on 

the particle and dry instantaneously.  At a higher spraying temperature, the polymer becomes 

excessively rubbery and too tacky, thus, it does not allow the deposited polymer to dry 

instantaneously and therefore, particle agglomerates are formed.  The 2FI plots are shown in Fig. 

3-3e and Fig.3-3f for the two factors based on its percent contribution in the model.  The 2FI 

term BD demonstrates negative interaction, whereas the 2FI AB demonstrates positive 

interaction.  The 2FI interaction plots explain how the two factors interact with each other, i.e., 
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BD interaction can be explained as the difference between the main effect of atomization pressure 

at high level of spraying temperature and the main effect of atomization pressure at low level of 

spraying temperature.  
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Fig. 3-3: Left to Right: Plots for Percent Agglomeration - a) Half-Normal Plot – Green triangles are error estimates, 
Orange squares are positive effects, Blue squares are negative effects b) Pareto Chart – Blue bars are negative effects 
and Orange bars are positive effects c) Contour Plot at Low Levels other factors d) Contour Plot at High Levels other 
factors e) 2FI Plot BD Interaction (Black – low level and Red – High level), f) AB Interaction (Black – Low level and 

Red – High level) Green dots - design points  
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It can be concluded from the statistical analysis plots that the degree of agglomeration 

can be minimized as the microclimate, atomization pressure and air volume are increased and the 

% solids in the coating dispersion and spraying temperature decreased.  Based upon the above 

statistical analysis, we regressed the significant variables to yield a model equation listing the 

constant, coefficient estimates and model terms in coded factors and can be written as: 

Sqrt(Y1 + 0.05) = + 2.44 – 1.00* A – 1.1* B – 0.34* C + 1.04* D + 0.38* E + 0.48* AB  - 0.35* 

AD – 0.56* BD 

Y1 = Percent Agglomeration 

A = Microclimate; B = Atomization Pressure; C = Air Volume; D = spraying  Temperature;   

E = % Solids  

Aspect Ratio 

The aspect ratio of the inert core MCC beads was found to be 0.75.  As the coating was 

applied, the aspect ratio in most of the batches changed ranging from 0.84 to 0.94.  As the inert 

core MCC beads demonstrate a low friability index based on data provided by the vendor (not 

shown here), the aspect ratio of the beads from the DoE batches was primarily dictated by the 

uniformity of deposition of polymer droplets on the surface of the beads.  Based on the DoE 

results, the major factors that significantly contributed to the aspect ratio of the final coated beads 

were spraying temperature and atomization pressure.  The half normal plot and Pareto chart were 

used to identify the main effects and 2FI as shown in Fig. 3-4a and Fig. 3-4b respectively.  The 

plot suggested spraying temperature (D) as strong main effect with AE and BD as significant 2FI 

terms.  According to the contour plots Fig. 3-4c and Fig. 3-4d, the optimum effect that 

maximizes the aspect ratio close to 1.0 was evaluated at various spraying temperatures.  The 

contour plot shows that at low spraying temperature and high atomization pressure, the aspect 

ratio is close to 1.0.  The 2FI model terms plots are shown in Fig. 3-4e and Fig. 3-4f.  They are 
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included in the model based in percent contribution in the model.  The 2FI term BD demonstrates 

positive interaction, whereas the 2FI AE demonstrates strong negative interaction.  The 2FI 

interaction plots explain how the two factors interact with each other, i.e. BD interaction, and can 

be explained as the difference between the main effect of atomization pressure at high level of 

spraying temperature and the main effect of atomization pressure at low level of spraying 

temperature. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

97 

 

 

 

  
Fig. 3-4: Left to Right: Plots for Aspect Ratio - a) Half-Normal Plot (Green triangles are error estimates), b) Pareto 
Chart (Blue bars are negative effects and Orange bars are positive effects)  c) Contour Plot@ high % solids and Low 
Levels of other main effects d) Contour Plot@ high % solids and High Levels of the other main effects e) 2FI Plot for 
BD Interaction (D level: Black – Low level and Red – High level) f) 2FI Plot for AE Interaction (E level: Black – low 
level and Red – High level) Green dots are design Points 
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The results suggest that at a lower spraying temperature (shown as negative effect in the 

half normal and Pareto chart), the polymer droplets are uniformly deposited on the surface of 

beads, whereas at a higher spraying temperature, there is propensity for the polymer droplets to 

undergo spray drying before they get deposited on the surface, and hence will not have enough 

opportunity to form a uniform, smooth surface.  The bead’s sphericity can be maximized by 

lowering the spraying temperature and optimizing the % solids in the coating dispersion.  The 

regression of the significant variables using ANOVA yielded a model fit p-value of 0.0011 and 

the equation listing the constant, coefficient estimates and model terms in coded factors can be 

written as: 

Y4 = + 0.89 – 0.024*D – 0.014*A*E + 0.014*B*D 

Y4 = Aspect ratio (Sphericity), A = Microclimate, B = Atomization Pressure, D = spraying 

Temperature E = % Solids 

 

Median Particle Size Diameter - d50   

It was observed that the median particle size diameter of the coated beads is correlated to 

the degree of agglomeration, i.e. higher agglomerate formation resulted in larger d50.  A direct 

correlation of percent agglomeration to median particle size is shown in Fig. 3-5.  The median 

particle size was most impacted when the percent of agglomeration was high and the batch was 

manufactured at high spraying temperature and low atomization pressure.  This finding can be 

attributed to the significant reduction of the movement of the agglomerate’s through the coating 

zone,(10).  Consequently, other beads are able to go through the coating zone more frequently 

resulting in more coating and larger particles.  The least impact of percent agglomeration on 

median particle size was seen in batches manufactured at a low spraying temperature and a high 

atomization pressure regardless of the percent of agglomerates formed.  This indicates that even if 
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initial agglomerates are formed they breakup eventually due to high atomization pressure, thus 

enabling all particles to go through the coating zone more frequently.  

 

 
 Fig. 3-5: Effect of % Agglomeration on Median Particle Size (d50) 

It was found that the effect of degree of agglomeration on median particle size was more 

pronounced in batches manufactured at high spraying temperature and low atomization pressure.  

The effect was found to be least when batches were manufactured at low spraying temperature 

and high atomization pressure and more so even if there was some initial agglomerate formation.  

This effect is prominent when the air volume is at a high level allowing the bed to move 

efficiently.  The intermediate effect was witnessed in batches manufactured at intermediate 

condition using different factorial points and a center point.  There is also some effect involved 

with the movement of the bed related to air volume (data not shown in the Fig. 3-5 above).  

The half normal plot and Pareto chart as shown in Fig. 3-6a and Fig. 3-6b were used to 

identify the main effects.  The plots suggest microclimate (A), atomization pressure (B) and 
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spraying temperature (D) as significant main effects for the response.  The contour plots Fig. 3-6c 

– 6d, elucidate the effect of spraying temperature, atomization pressure and microclimate at low 

and high levels on the median particle size.  It can be seen that the median particle size is 

impacted the most when the spraying temperature is high and atomization pressure and 

microclimate is low.  The particle size increases as the spraying temperature increases (which is a 

function of polymer tackiness leading to agglomerate formation) and microclimate and 

atomization pressure are decreased (which is a function of polymer droplet size).  The median 

particle size is least impacted at lower spraying temperature and higher microclimate and 

atomization pressure.  The data relates: (1) spraying temperature to polymer tackiness (2) the rate 

of water evaporation, atomization pressure, and microclimate to polymer droplets size, and (3) air 

volume to efficient heat and mass transfer.  This supports the justification listed earlier based on 

the data shown in Fig. 3-5.  
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Fig. 3-6: Left to Right: Plots for Median Particle Size a) Half-Normal Plot - Green triangles are error 
estimates b) Pareto Chart - Blue bars are negative effects and Orange bars are positive effects c) Contour 
Plot at Low Spraying Temperature d) Contour Plot at High Spraying Temperature 

 

Based on the half-normal plot and Pareto chart analysis at higher spraying temperature 

and lower atomization pressure and microclimate, comparatively larger polymer  droplets are 

formed and due to non-instantaneous drying and polymer tackiness, smaller wet particles 

combine to form bigger particles, thus affecting the final particle size of the coated beads.  The 

regression of the significant variables using ANOVA yield a model fit p-value of <0.0001 and the 

equation listing the constant, coefficient estimates and model terms in coded factors can be 

written as:   
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Y5 = + 652.13 – 9.41*A – 9.41*B + 10.66*D 

Y5 = median particle size diameter - d50  

A = Microclimate; B = Atomization Pressure; D= Spraying Temperature 

 

Influence of Humidity and Temperature on Beads Agglomeration 

As indicated earlier in the paper, humidity was monitored using Pyrobuttons® as an 

environmental factor that is studied outside the design of experiments.  The Pyrobuttons® were 

programmed before the start of every batch, placed in the fluid bed equipment, and the data was 

retrieved after end of the batch.  Humidity data was analyzed for trending, especially in the 

coating zone to determine drying efficiency.  The relative humidity from every batch was a 

function of inlet air humidity, processing conditions, and spray rate.  The spray rate was kept 

constant, so the variable factors were inlet air humidity and the processing conditions that 

contributed to humidity variation in the coating zone.  Important physical attributes of the final 

coated beads directly affected by changes in processing parameters and air humidity during a 

coating process are: degree of agglomeration, percent yield, median particle size diameter, and 

surface morphology.  As explained in the earlier section, these factors are inter-related and can 

eventually affect critical quality attributes of a controlled release product, like assay and 

dissolution.  The results obtained from the Pyrobuttons® data loggers for the temperature and 

humidity changes suggests a trend with regards to absolute humidity at different locations (inlet 

air i.e. air entering the system, chamber i.e. around the coating zone and outlet air i.e. air leaving 

the system) during the spraying process as seen in Fig. 3-7.  The graph lists absolute humidity 

data from the Pyrobuttons for the inlet air, coating zone and outlet air and relates it to respective 

drying efficiency for every batch.  The absolute humidity from the incoming air during the 

spraying and curing process was found to be similar in most of the batches (except batch17); 
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however, the chamber and outlet air humidity was found to be significantly different.  Note that 

the curing conditions for all batches were the same at 60 oC for 1 hr.  This can be attributed to 

mass and heat transfer during the spraying process, moisture retained by the agglomerates, and 

residual moisture of the final coated beads.  Based on these findings and processing conditions 

utilized in the study to manufacture each batch, one would expect to see a dramatic change in the 

drying efficiency in these batches.  The drying efficiency of each batch was calculated as per 

equations listed above.  The thermodynamics of a fluid bed system is mostly influenced by 

changes in the temperature and humidity contributed by the incoming air for both the inlet and 

atomization and coating dispersion spray rate, whereas the fluid dynamic of the system is related 

to the particle movement in the bed, i.e., bubbling bed vs. sporadic bed vs. channeling bed.  As 

the disk-jet technology utilize same air opening (45o angle) to introduce the air stream, the 

changes in the fluid dynamics were only pronounced when a high degree of agglomeration was 

witnessed based on visual observation of the fluidization pattern of the bed.  

 
Fig. 3-7: Left to Right: Effect of Absolute Humidity on Drying Efficiency during Spraying Process. The 
bar represents Absolute Humidity (g/kg) - Red bar is Inlet Air Humidity, Purple bar is Chamber Humidity, 
Green bar is Outlet Air Humidity. The grey triangles are drying efficiency for each DoE Batch. 
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Different spraying temperature batches demonstrated no significant change in the drying 

efficiency of the coating process, i.e., batches 1, 2 and 14 dried at 45 oC, 50 oC, and 40 oC, 

respectively demonstrated similar drying efficiency, but produced a varying percent of 

agglomeration 9.1%, 0.9%, 5.5% respectively.  It was observed that batch 17, manufactured using 

lower spraying temperature and air volume, demonstrated maximum drying efficiency of 87.3% 

with 1.3% of particle agglomeration.  The lower percent agglomeration can be attributed to 

efficient heat and mass transfer as the incoming inlet air had low humidity.  Similarly, batches 7 

and 10 even though showed moderate drying efficiency of 72.7 and 74.6%, respectively; the 

percent of agglomeration was found to be 48% and the other batch failed respectively.  

Additionally, batches 2, 6, 11, 12 and 19 producing less than 1.0% agglomerates showed variable 

drying efficiency ranging from 66.3% to 80%.  Thus, no trend in the drying efficiency results was 

found that could be related to thermodynamic changes or degree of agglomerate formation.  On 

the contrary, the finding was more related to the processing conditions and performance 

characteristics of the coating polymer system becoming tacky as discussed in the result section 

earlier under percent agglomeration.   

 

Resolution IV Fractional Factorial Study 

The resolution IV study was conducted to identify the critical process parameters and to 

study the effect of processing conditions, including humidity, on the quality and extent of film 

curing; all these can have a significant impact on the critical quality attribute of the final coated 

beads, i.e. drug release.  The study utilized active drug layered beads; hence in addition to some 

of the physical attributes listed earlier in the resolution V study, assay and percent drug released 

from the coated beads were also evaluated.  Some of the physical attributes like percent fines and 

aspect ratio studied in resolution V design were not studied in resolution IV based on initial 
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preliminary data, particle size of the starting core material, and percent weight gain of the coating 

material.  The process range for the factors studied in the resolution IV design was determined 

based on process understanding from the resolution V study, equipment capability, and 

preliminary experiments.  The process ranges were made wider to thoroughly understand the 

experimental region and determine the edge of failure.  The design layout and results of the 

responses studied in the resolution IV design are listed in Table 3-11.   

The results listed in Table 3-11 depict how the processing conditions impacted the 

responses studied within the experimental range designed.  The information gathered from this 

study allowed identification of the critical process parameters and also allowed in-depth 

understanding of the processing parameters range studied, which could then be further studied 

using response surface methodology to map the response surface and establish the design space 

for the coating process.  It was found that the percent of agglomeration in both blocks was less 

than 2%. As opposed to the results discussed earlier under resolution V study for the percent of 

agglomeration, it was found that the degree of agglomeration was not as pronounced.  The 

difference between the two studies is the particle size of the core substrate and related changes to 

the process parameters.  It was found that a significant amount of polymer got deposited on the 

filter bags suggesting spray drying due to an extremely dry environment created during the 

spraying process.  A similar trend was seen compared to the resolution V study with regards to 

the percent yield which was calculated based on the percent of agglomeration and percent fines.  

However, in this study it was related more to the amount of polymer getting spray dried and 

deposited on the filters than the degree of agglomeration.  As the material deposited on the filter 

is difficult to quantify precisely, the attribute percent yield can reflect batch to batch performance 

due to this phenomenon.  Whenever a batch was exposed to an extremely dry environment, the 

percent yield of the batch was found to be lower which is attributed to the polymer spray drying 
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effect.  It was also noted for batches which demonstrated a high degree of spray drying, that the 

assay (i.e., drug content) was found to be relatively higher than the other batches.  The increase in 

assay can be linked to the assay calculation performed on weight basis. Due to spray drying a 

smaller amount of polymer gets deposited resulting in relatively high drug content.  As the 

starting substrate particle size is large and the polymer weight gain was only 5% w/w, there was 

no significant change in the median particle size of the final coated beads.  
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The main effects and interaction terms from both block experiments were deduced using 

the data for the responses studied.  The significant model terms for the ANOVA model were 

based on the values of significance for "Prob > F" less than 0.050.  The residual analysis for the 

"Lack of Fit F-value” yielded higher values which indicates that the model can fit all the design 

points.  Also, the Lack of Fit is not significant relative to the experimental error, and the curvature 

effect was found to be significant indicating involvement of quadratic terms.  The overall model 

information for the responses studied is shown in Table 3-12.  The responses percent yield (Y2), 

% drug release in 1h (Y4), % drug released in 2h (Y5) and % drug released in 7h (Y7) were 

modeled using reduced 2FI in both the studies, except for the % of drug release in 1h (Y4) which 

was evaluated using the reduced main effect model in DoE part II, as shown in Table 3-12.  The 

responses also had to be transformed as they did not follow normal distribution.  The responses % 

agglomeration and assay were statistically not found to be significantly affected by the dependent 

variables studied over the range and, hence, not modeled.  The summary of the ANOVA 

predicted results are shown in Table 3-13.  The "Predicted R-Squared" covers the population 

variance whereas the "Adjusted R-Squared" covers the variance from the model terms selected; 

they are in close agreement of each other.  Finally, the precision of the model was checked with 

regards to the model terms for the signal to noise; the higher ratio indicates the model has 

adequate precision and the signal is not from the noise.  
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Percent Yield 

It was found that the percent yield from block I experiments varied from 96.3% to 99.0%, 

while the percent yield from block II experiments ranged from 96.3 % to 99.3%.  The 

corresponding percent yield data from batches in both blocks (randomized batches) were found to 

be similar.  As discussed earlier in the resolution V study, the percent yield is dependent upon the 

formation of agglomerates and generation of fines.  In this case, as the agglomeration was not 

pronounced, the change of percent yield was due to the generation of fines in the form of polymer 

spray drying.  The probable explanation for the spray drying is based on our proposed hypothesis 

related to fluidization of core substrate particles under high air volume and when exposed to high 

spraying temperature, and high atomization pressure. Under these circumstance, fine polymer 

droplets are formed which will dry before they get deposited on the surface of the core, resulting 

in fine dry particles collected on the filters. The parameters associated with the phenomenon are 

starting core particle size, surface area to volume ratio and processing parameters (atomization 

pressure, spraying temperature, air volume and inlet air humidity).  

Based on the data for the percent yield from both DoE Parts, the main terms and 

interaction terms were estimated using the half normal plot and Pareto charts shown in Figs. 3-8a 

– 8d.  The plots suggest air volume (C) and product temperature (D) as estimated main effects 

from the DoE Part I study, whereas microclimate (A), air volume (C) and curing temperature (G) 

were deemed as significant main effects from the DoE Part II study.  The difference in estimation 

of the main effects between the DoE Part I and DoE Part II of the resolution IV study could be 

attributed to the design matrix for the factorial points and center points and batches manufactured 

under different humidity conditions.  DoE Part I and DoE Part II 2FI terms were found to be 

significant and aliased with other 2FI term.  In the DoE Part I, AB (aliased with CE and FG), BC 

(aliased with AE and DF) and AD (aliased with CG and EF) were found to be significant 2FI 

terms, whereas in the DoE Part II only AC (aliased with BE and DG) was deemed as 2FI term.  
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The 2FI model term was selected in the model equation based on its contributions and its 

probability from scientific perspective of affecting the response studied.  In the DoE Part I study, 

the 2FI model terms AB, BC and AD demonstrated very strong negative interaction, positive 

interaction and negative interaction respectively, while the DoE Part II study the 2FI model term 

AC demonstrated positive interaction.  All the estimated main effects were confounded with 3FI 

interactions which from a statistical perspective do not hold any relevance.  According to the 

contour plots as shown in Fig. 3-8e and Fig. 3-8f, the optimum effect for maximizing percent 

yield could be elucidated at mid-levels of the other main effect and in presence of adequate 

humidity during the spraying stage.  
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Fig. 3-8: Left to Right: Half Normal Plots for Percent Yield - a) DoE Part I b) DoE Part II,  
Pareto Chart for Percent Yield - c) DoE Part I d) DoE Part II, Contour Plots for Percent Yield - e) DoE Part 
I f) DoE Part II. The Green triangles are error estimates, Orange squares and bars are positive effects and 
Blue squares and bars are negative effects 
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The percent yield was maximized when the air volume and spraying temperature were at 

low levels.  The data supports the theory that lower spraying temperature with lower air volume 

will allow a high deposition of the polymer coat on the drug layered beads yielding higher percent 

yield.  The regression of the significant variables using ANOVA yield model fit p-value of 

0.0003 and <0.0001 from DoE Part I and DoE Part II respectively, and the equation listing the 

constant, coefficient estimates and model terms in coded factors can be written with some non-

significant terms included to maintain hierarchy in the model: 

DoE Part I 

Y1 = + 97.70 + 0.075*A – 0.063*B – 0, 51*C – 0.28*D – 0.31*A*B + 0.20*A*D – 0.33*B*C 

DoE Part II 

Y1 = + 98.15 - 0.12*A – 0.078*C – 0, 24*G – 0.22*A*C 

Y1 = Percent Yield 

A = Microclimate; B = Atomization Pressure; C = Air Volume; D = Spraying  Temperature; G 

= Curing Temperature 

 

Percent Drug Released from Ciprofloxacin HCl Coated Beads 

The DoE Part I and DoE Part II batches under the resolution IV study were randomized 

differently in both studies, i.e. in DoE Part I batch 5 was randomized in Part DoE Part II as batch 

1.  These batches from both Parts demonstrated a reproducible dissolution profile for the same 

design point manufactured under different humidity conditions.  The aqueous coating process 

requires an in-depth understanding of two distinct phases to achieve reproducible and consistent 

target dissolution profile.  The first stage involves understanding of process efficiency (amount of 

polymer content deposited on the drug layered beads compared to its theoretical amount) using 

optimum processing conditions and the second stage involves adequate extent of curing using 
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optimum curing conditions, i.e., curing temperature, curing time, and humidity.  Compromising 

either of these phases will result in variable dissolution rates.  Thus, the dissolution data is 

explained in this section from two aspects, i.e., process efficiency and curing effect.  

The interrelationship between the critical process parameters and process efficiency are 

shown in Figs. 3-9a – 9e.  It was observed from Fig. 3-9a that the process efficiency was worst 

when batches were manufactured using extreme high ranges of the product temperature (50 oC), 

air volume (40 m3/h), and microclimate (0.6 bar), thus creating a very dry environment, and 

resulting in spray drying the fine mist of the coating polymer droplets before it got deposited on 

the drug layered beads.  The process efficiency was found to be optimum at low range of spraying 

temperature (35 oC), air volume (24 m3/h) and microclimate (0.2 bar).  All the dissolution data 

showed in Figs. 3-9b – 9e below compares the batches from DoE Part I and DoE Part II at the 

same design level, [i.e., in Fig 3-9b DoE Part I (5 – 4h) was randomized for the same level in 

DoE Part II (1 – 4h)].  In Fig. 3-9b the batches were manufactured at high spraying temperature 

and high curing temperature.  The difference in dissolution between the batches was 

predominantly due to compromised process efficiency as a result of spray drying effect.  Hence, 

even though higher curing temperature was utilized for curing, the curing effect was not 

significant due to an inadequate amount of polymer content on the surface of the beads.  In Fig. 

3-9c the batches were manufactured at low spraying temperature and low curing temperature, 

thus the dissolution effect is predominantly due to curing effect.  At low spraying temperature, no 

spray drying effect was witnessed, however, due to lower curing temperature, the curing effect 

was significant and the polymer particles were not able to deform completely in order to form a 

fully coalesced film.  In Fig. 3-9d the batches were manufactured at high spraying temperature 

and low curing temperature, thus the dissolution effect can be attributed to compromised process 

efficiency and inadequate curing conditions.  In Fig. 3-9e the batches were manufactured at low 
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spraying temperature and high curing temperature, thus the widespread dissolution profiles can be 

attributed to adequate process efficiency followed by significant curing effect.    
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Fig. 3-9: Effect of Critical Process Parameters on Process Efficiency a) Batches manufactured at different 

level of spraying temperature (ST) and curing temperature (CTemp) per the design factorial points b) 
Dissolution profiles of Batches manufactured at a) High ST- High CTemp c) low ST- low CTemp d) high ST- 

low CTemp and e) low ST- high CTemp 
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The impact of process efficiency and critical process parameters pertaining to curing 

conditions on the state of curing is further elaborated in Figs. 3-10a – 10c.  The data seen earlier 

in this section were classified based on the spraying temperature.  Here, in this section, the data is 

explored based on the curing conditions.  It can be seen in Fig. 3-10a how the batches dissolution 

profile was different as a function of amount of polymer deposited followed by the curing 

condition, which depicts the state of curing of that batch.  Fig. 3-10b and Fig. 3-10c show the 

entire dissolution profile depicting the effect of process efficiency and curing conditions 

especially curing temperature and curing time.  It was found on one extreme end of the factorial 

design that the batches showed fastest dissolution when the process efficiency was poor and even 

if the process efficiency was good, but had inadequate curing conditions.  While on the other 

extreme end, the batches demonstrated slow dissolution due to adequate process efficiency and 

curing conditions.  
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Fig. 3-10: a) Effect of Process Efficiency on State of Curing b) Dissolution Profiles of Same Std. Run 
Batches from DoE Part I and DoE Part II cured at 1 hour curing time c) Dissolution Profiles of Same Std. 

Run Batches from DoE Part I and DoE Part II cured at 4 hour curing time 

 

The impact of the processing conditions, and curing conditions and the possible causes 

for different dissolution profiles related to these critical process parameters are shown in Figs. 3-

11a – 11c.  It was observed that both studies demonstrated widespread dissolution profiles 

resulting in identification of the most critical process parameters that had significant impact for 

variable dissolution.  Additionally, it was confirmed that the same design points batches, i.e. same 

factor level, but randomized differently in both studies, yielded similar dissolution profiles except 

in few batches where humidity effect was pronounced.   

a 

b 
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Fig. 3-11: a) Effect of Process Efficiency and Curing Effect on Dissolution b) Dissolution Profiles from 
all DoE Part I Batches (DoE run number – curing time) c) Dissolution Profiles from all DoE Part II Batches 
(DoE run number – curing time) 

 

The results from Fig. 3-11a and Fig. 3-11b suggest that even if a target polymer is 

deposited, i.e., improper curing can still result into faster dissolution.  On the other hand, curing at 

higher curing temperature for a prolonged period of time can result in slower drug release due to 

the formation of a dense polymer film.  The polymer film coalescence starts to happen during the  

a 

b c 
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curing stage in two distinct stages.  First, the particle ordering happens at a temperature above the 

minimum film formation temperature, and second, the interdiffusion of the particle-particle 

boundary is achieved above the glass transition temperature of the polymer.  The polymer particle 

ordering requires the capillary forces from the water molecules for its deformation.  If the rate of 

water evaporation is not optimized, it can leave the particle ordered in improper fashion, which 

eventually will start ordering again upon exposure to humidity, as mostly seen during long term 

stability.  Similarly, the inter-diffusion of the polymer particle will be incomplete if performed 

under a suboptimal curing temperature, curing time and humidity conditions.  

While the particle deformation in the film formation process is driven by interfacial 

phenomenon, the capillary force acting on the polymer particles is a direct function of humidity.  

When the humidity of process air is low, inlet air will have a higher propensity to carry moisture.  

This will result in faster evaporation of the surface moisture from the beads, and thus, shortening 

the action of capillary force to yield a brittle and not fully coalesced film.  On the other hand, if 

the humidity is higher, the residual moisture from the bead surface will not evaporate quickly, 

allowing enough time for the particles to deform and leading to complete film formation.  The 

downside of high humidity in the inlet air is that the degree of bead agglomeration will increase 

as the water will not be evaporated fast enough.  Thus, a balance needs to be maintained for the 

inlet air humidity during the spraying stage and curing stage of the coating process.  The effect of 

humidity on the batches from the two DoE Parts manufactured at different times to evaluate the 

influence of humidity on film formation is shown in Figs 3-12a and 3-12b.  The graphs are 

primarily classified into batches that demonstrated poor and good process efficiency.  

Furthermore, these batches were classified based on effect of curing as insignificant and 

significant curing effect.  The batches listed on the X-axis are the same design level batches, 

randomized differently in the two DoE parts.  Additionally, DoE Part I batches were 
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manufactured under very low humidity compared to the DoE Part II batches at both the spraying 

and curing stages of the coating process.  The humidity effect was found to be pronounced in two 

batches manufactured at low curing temperature [DoE Part I, DoE Part II] – [6, 3] and [7, 7] and 

demonstrated adequate process efficiency.  In low cured temperature batches, high humidity 

caused particle deformation leading to further film coalescence and resulting in slow release.  In 

certain batches, the drug release at the 1 h and 2 h dissolution time points was found to be faster 

in DoE Part II batches compared to DoE Part I batches i.e. [DoE Part I, DoE Part II] – [12, 14], 

[14, 5] and [11,10].  This effect could be attributed to the processing parameters utilized in these 

batches.  Due to the high humidity, bed resistance was lowered allowing the beads to move away 

more quickly from the coating zone, thus, leading to spraying drying of the coating polymer 

droplets.  

 

               

 Fig. 3-12: Effect of Absolute Humidity on Drug Release from Resolution IV batches (DoE 
 Part I, DoE Part II)   a) 1 h time point data b) 2 h time point data  
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Based on the drug release data from the resolution IV batches manufactured in DoE Part I 

and DoE Part II, absolute humidity from the spraying process and curing process did not 

profoundly impact the curing state of the film, thus, a direct correlation could not be established.  

The process range was too wide, so the process efficiency and film curing effect was not obvious.  

However, the influence of the experimental design processing parameters ranges on the drug 

release profile was significant, as discussed in the earlier part of this section.  In general, 

depending on the process parameters range, variable dissolution was observed at the 1 h and 2 h 

dissolution time points.  The batches were coated at target 5% w/w/ weight gain of the polymer 

content. Variation in the process efficiency due to spray drying significantly impacted dissolution 

and in some cases insufficient polymer coat remained on the bead surface to evaluate the 

cumulative effect of curing temperature, curing time and humidity on curing.  We observed that 

the curing effect was not as pronounced as the process efficiency effect. However, significant 

process parameters playing a predominant role were identified using the statistical tools. 

The half normal plot for Y4, Y5 and Y6 from DoE Part I and DoE Part II, as shown in 

Figs. 13a – 13f , suggest that air volume (C) and curing temperature (G) were estimated as main 

effects, and that CG was found to be the 2FI term from both the DoE studies with the exception 

for the Y4 - 1 h dissolution time point in the DoE Part II study.  The interaction between air 

volume and curing temperature was more likely than the confounded AD and EF 2FI terms, due 

to their significant contribution in the model term.  However, in the ANOVA model the curvature 

effect was found to be significant, hence, the aliased terms should be further evaluated using 

response surface (see Chapter 4).  The response surface methodology can be utilized to optimize 

the critical process parameters and establish design space for the significant model terms.  In the 

resolution IV design, the estimated main effects were found to be confounded with 3FI, which 

from a statistical perspective do not hold relevance as the probability of three factors interacting 
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with each other is very unlikely.  These main effects and 2FI for the DoE Part I and DoE Part II 

were further confirmed using a Pareto chart for Y4, Y5 and Y6 which ranked the model term based 

on its contribution, as shown in Figs. 3-14a – 14f.  According to the cube plots for the DoE Part I 

and DoE Part II (as shown in Figs. 3-15a – 15f for Y4, Y5 and Y6, respectively), the drug release 

can be optimized by selecting the optimum processing conditions based on the desired drug 

release.  
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Fig. 3-13: Left to Right: Half Normal Plots for Dissolution at 1 hour time point (Y4) a) DoE Part I b) DoE 

Part II; Half Normal Plots for Dissolution at 2 hour time point (Y5) c) DoE Part I d) DoE Part II; Half 
Normal Plots for Dissolution at 7 hour time point (Y6) e) DoE Part I f) DoE Part II. The Green triangles are 

the error estimates, Orange squares are positive effects and Blue squares are negative effects. 
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Fig. 3-14: Left to Right: Pareto Charts for Dissolution at 1 hour time point (Y4) a) DoE Part I b) DoE Part 

II; Pareto Charts for Dissolution at 2 hour time point (Y5) c) DoE Part I d) DoE Part II; Pareto Chars for 
Dissolution at 7 hour time point (Y6) - e) DoE Part I f) DoE Part II. The Orange bars are positive effects 

and Blue bars are negative effects. 
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Fig. 3-15: Left to Right: Contour Plots for Dissolution at 1 hour time point (Y4) a) DoE Part I b) DoE Part 
II; Contour Plots for Dissolution at 2 hour time point (Y5) c) DoE Part I d) DoE Part II; Contour Plots for 

Dissolution at 7 hour time point (Y6) e) DoE Part I f) DoE Part II 
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The drug dissolution was found to be fastest when air volume, spraying temperature, and 

curing temperature were selected at [high, high, low] level respectively.  The data supports the 

theory that higher spraying temperature and air volume creates a very dry environment resulting 

in spray drying of the coating polymer and inefficient coating.  The low coating coupled with the 

lower curing temperature lead to incomplete film formation.  On the contrary, the coated beads 

demonstrated slow drug release when air volume, spraying temperature and curing temperature 

were set at [low, low, high] or [low, high, high] levels respectively.  These parameters allowed 

for sufficient polymer to be deposited and the film coalescence to occur to yield a dense film that 

retarded drug dissolution.  The batches manufactured with  air volume, spraying temperature and 

curing temperature at [high, low, high]  levels respectively demonstrated intermediate dissolution 

that can be attributed to the partial spray drying and curing effect, from the higher curing 

temperature and curing time.  When the air volume, spraying temperature, and curing temperature 

were selected at [low, low, low] and [low, high, low] levels respectively, the drug dissolution was 

still found to be fast regardless of the fact that these levels created an adequate environment for 

adequate polymer deposition.  However, the curing temperature was found to be suboptimal, thus, 

inadequate curing of the polymer film formation resulted into incomplete film coalescence.  

These batches if cured under optimum curing condition with regards to temperature, time and 

humidity will dramatically show effect on dissolution kinetics.  Statistical analysis using ANOVA 

revealed a R2FI model fit for all dissolution time points from DoE part I, whereas in the DoE Part 

II study, Y4 was modeled using Reduce main effect and Y5 and Y6 dissolution time points utilized 

R2FI model fit.  The model equation listing the constant, coefficient estimates and model terms in 

coded factors along with some non-significant terms included to maintain hierarchy in the model 

can be written as: 
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DoE Part I 

Ln [Y4] = + 3.23 + 0.49*C – 1.05*G + 0.36*C*G 

Sqrt [Y5] = + 7.08 + 0.94*C – 2.44*G + 0.8*C*G 

Sqrt [Y6] = + 8.56 + 0.64*C – 1.37*G + 0.75*C*G 

DoE Part II 

Sqrt [Y4] = + 5.69 + 1.72*C – 1.91*G 

Sqrt [Y5] = + 7.00 + 1.47*C – 1.91*G + 0.99*C*G 

Sqrt [Y6] = + 8.75 + 0.85*C – 1.18*G + 0.86*C*G 

Y4 = Percent Drug Released in 1h; Y5 = Percent Drug Released in 2h; Y6 = Percent Drug 

Released in 7 h 

A = Microclimate; B = Atomization Pressure; C = Air Volume; D = Spraying  Temperature; G 

= Curing Temperature 

 

Near Infrared Analysis of the Cured and Uncured Coated Beads  

A total of 38 coated bead samples were utilized for NIR analysis, out of which NIR 

spectra from 19 samples were for the calibration, and the other 19 samples were used as unknown 

samples for cross validation.  Principal Component Analysis was first investigated to classify the 

data into 2 classes of uncured or cured samples.  Fig. 3-16a shows the score plot for the PCA 

model; the 2 classes are relatively separated but some overlap between the 2 classes still exists for 

the first 2 PCs.  Partial Least Square Discriminant Analysis (PLSDA) was then used to build a 

PLS classification model to classify uncured and cured samples.  PLSDA requires 2 data blocks, 

X blocks were designated for the NIR spectra, and the Y-blocks were assigned to the class of 

each spectrum i.e. Class 1 = uncured samples, Class 2= cured samples.  The best model that 

yielded lowest misclassification error with minimum model size was PLSDA with MSC followed 
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by OSC, and then finally mean centering the spectra. Fig. 3-16b shows the scores plot for the 

PLSDA model and clear separation for the 2 classes.  The PLSDA model will predict the 

unknown samples and give values between zero and one.  Ideally each sample which is a member 

of a class would predict as a value of 1 and each sample not a member would predict as zero and 

the discrimination between the two would be straightforward.  As this is usually not the case, a 

threshold of predicted y must be determined above a sample which is considered to be a member 

of the class.  In our case, 2 threshold values are calculated 0.471 and 0.529 for uncured and cured 

classes, respectively.  Fig. 3-16c and Fig. 3-16d show the classification for class one (uncured 

samples), any predicted value above the threshold value is considered a member of class one and 

any sample below threshold value is considered a member of class two.  There will be only two 

classes.  Any predicted value below the threshold value of class two is not a member of class two.  

The total classification error for the model was only 6 % indicating the good performance of the 

model.  The model was also tested for significance against random prediction and the results 

show that the developed model is very unlikely to be random as all t-value obtained is 0.005 

which is much smaller than p 0.05. 
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Fig. 3-16: a) Scores plot for PCA model, b) Score Plot for PLSDA model, c) Predicted value for Uncured 
Class (class 1) d) Predicted value for Cured Class (class 2) 
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Conclusions 

Risk assessment tools enabled identification of high risk variables, which were then 

explored using resolution V design of experiments.  The fractional factorial resolution V DoE 

study provided adequate process understanding of the disk-jet fluid bed technology with regards  

to the coating process and demonstrated how process understanding can help correlate the particle 

movement and process parameters to optimize critical attributes, which directly can affect the 

quality of the final coated beads.  The selection of a wide range of process parameters in the 

resolution IV DoE study designed based on the information from resolution V DoE study allowed 

understanding of the coat variability through examination of process efficiency and curing effect. 

The statistical ANOVA analysis suggests that spraying temperature had dominant effect in the 

resolution V DoE study for responses percent agglomeration, aspect ratio and median particle size 

diameter, whereas air volume and curing temperature had dominant effect for the responses 

percent yield and percent dissolution time points (1 h, 2 h and 7 h) in the resolution IV DoE 

study.  Thus, we established a strong correlation between the critical process parameters and the 

critical quality attribute of the final coated beads.  The drug release was found to be dependent on 

two critical factors, process efficiency, which describes the amount of polymer deposited and 

extent of curing, which describes the effect of curing temperature, curing time and humidity.  It 

can be concluded that high enough process efficiency needs to be ensured to elucidate curing 

effect and produce a consistent and reproducible drug product.  The uncured and cured bead 

samples from the resolution V and resolution IV studies were classified based on the PLS-DA 

model developed using NIR methodology 

To our knowledge, this is the first study performed demonstrating process understanding 

and identifying critical process parameters using non-conventional disk-jet technology fluid bed 

system to manufacture Ciprofloxacin HCl coated multiparticulate beads.  For future work, the 
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information obtained from the resolution IV study with regards to the critical process parameters 

will be utilized for designing subsequent experiments.  These experiments will use a response 

surface methodology to optimize the coating process, establish a design space, and facilitate 

further scale-up work.  
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CHAPTER 4 Utilization of Statistical Model and Bayesian Approach to 
Establish Design Space for the Critical Process Parameters of the Coating 
Process at Different Scale Batches for the Manufacturing of 
Ciprofloxacin HCl Controlled Release Multiparticulate Beads4  
 

Abstract 

 The primary objective of this study was to systematically compare two methods for 

establishing a design space in terms of critical process parameters and assess the design space 

validity across manufacturing scales. To test the robustness of the design space, the study 

investigated the effects of processing conditions on the quality and extent of film formation, a 

parameter that can drastically impact drug release rate. A central composite design was used to 

optimize the coating process and map the response surface to build a design space in terms of the 

critical process parameters using either a statistical least square or a Bayesian approach. The 

validity of the response surface model was assessed by manufacturing a batch utilizing optimal 

process parameters within the design space.  The extent of curing was also evaluated by 

measuring changes in bead release rate for beads that were stored under ICH accelerated stability 

conditions. Scale-up batches were manufactured to assess robustness of the design space across 

manufacturing scales. For these studies, Ciprofloxacin HCl layered beads were utilized as an 

active substrate core, ethylcellulose aqueous dispersion as a controlled release polymer and 

triethyl citrate as a plasticizer. Thirty experiments were conducted using central composite 

circumscribed design to study each factor over five levels i.e. two factorial points, two axial point 

and one center point to map the response surface and determine edge of failure. The response 

surface was fitted using a linear two factor interaction model with spraying temperature, curing 

temperature and curing time deemed as significant model terms. The design space was 

                                                           

4 Bhaveshkumar H. Kothari, Raafat Fahmy, Gregg Claycamp, Sharmista Chatterjee, Christine M. 
V. Moore, Stephen W. Hoag 
To be Submitted to AAPS Pharm Sci Tech 
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established using the two different approaches, and the results were in close agreement to each 

other with statistical least square approach being more conservative than the Bayesian approach. 

The response surface predictive data was found to be similar to the observed dissolution data and 

the coated beads 4 h curing time demonstrated adequate dissolution stability. The design space 

established for the critical process parameters using small scale batches was tested using scale-up 

batches and found to be scale independent. The robustness of the design space was confirmed 

across scales and was successfully utilized to establish process signature for the coating process 

using univariate approach and incorporated as part of in-process control strategy.  
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Introduction 

 Multiparticulate drug delivery systems (MDDS) have gained popularity for the 

development of controlled release oral formulations. These systems offer many advantages from 

pharmacokinetics and pharmacodynamics perspective (1-4). Even though a significant amount of 

work has been conducted for the development of multiparticulate drug delivery system for a 

controlled release formulation, there is still a lack of research that has shown how the quality by 

design principles can be systematic applied to the development of complex dosage form. The 

multidimensional relationship between various components of the drug product i.e. raw materials, 

formulation composition and process parameters to the critical quality attributes can be elucidated 

using multivariate analysis and response surface methodology design of experiments (5; 6). In the 

literature, plethora of work has been published for process optimization using the response 

surface methodology to establish design space for critical process parameters (CPP) utilizing 

different unit operations like fluid bed for hot melt granulation process  (7; 8) and top spray 

granulation (9), encapsulation process optimization for self-emulsifying drug delivery system 

(10).   

 Film coating is often conducted arbitrarily without proper understanding of the film 

formation mechanism and the combined influence of the processing conditions such as; curing 

temperature, curing time and humidity. The understanding of film formation is an evolving area 

of research with many theories reviewed by researchers (11). The theory by Dillon et al. 

suggested a two stage process i.e. evaporation and particle deformation, later, Voyutski et. al. 

added a particle auto adhesion stage prior to the two stages of Dillon (12).  The most commonly 

adapted concept in film formation is where the colloidal particles come close together from a 

densely packed stack of deformed particles and ultimately form a continuous film. In other words, 

this phenomenon of film formation happens in three stages; 1) Evaporation of the water and 
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ordering of the particles 2) Particle deformation and 3) Interdiffusion of polymer particle- particle 

boundaries (11; 13). The last two stages of the film formation takes place simultaneously in 

which the influence of the capillary force coming from the water filled in the voids of the close 

packed nano-particle will deform the polymer particle to form a dense structure and subsequently 

deformed particle structure will interdiffuse upon thermal treatment to form continuous and 

ductile film.  The interdiffusion of the polymer particles will take place only above the glass 

transition temperature of the polymer. As in rubbery state, the polymer chains due to increased 

molecular mobility and free volume will possess high thermal energy thus occupy the voids in the 

free volume and ultimately come close to each other leading to coalescence and fusion of the 

particles.  To further elaborate, the film formation process is more reproducible when the polymer 

coat is uniformly applied and the film is in rubbery state, which depends on the glass transition 

temperature of the polymer coating system. The plasticizer level and type dictates the glass 

transition temperature of the polymer, which in turn determines the minimum film formation 

temperature for film curing so as to yield a completely coalesced film (14; 15). After a polymer 

coat is uniformly applied, it needs further processing called as curing. Film curing also called as 

post coating thermal treatment is a process in that residual solvent evaporation takes place from 

the coated surface to form homogeneous and continuous film under ideal processing conditions 

including curing temperature, humidity and time. These processing conditions if adequately 

studied and optimized can provide significant understanding of the film formation process that 

can directly or indirectly affect the drug release rate. The temperature at which the film is cured is 

one of the important parameters for film coating because temperature has a critical effect on the 

rate of complete film formation (16-18). For a controlled release dosage form, the 

pharmacological implications of insufficient polymer film coating and/or film curing can lead to 

erratic dissolution, which may lead to sub-therapeutic or toxic drug levels.   

 To gain process understanding, there are numerous statistical designs that can be adapted 

in the formulation and process development of solid dosage forms (19; 20). When utilizing 
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statistical design of experiments, the full factorial design and fractional factorial design are 

typically adapted at two levels and three levels for screening and process understanding purposes.  

However, in some cases when dealing with complex processes like coating operation, the number 

of experiments may exceed way too much if using full factorial or fractional factorial depending 

on the total factors evaluated.  Also if non-linear quadratic effects are involved then this cannot 

be estimated using first order linear models, then in such instances response surface methodology 

can be  used to explore the operating region of interest close to the optimal point (21). This 

approach of elucidating the region of interest can be done by conducting experiments using 

response surface design, which is used to map the response surface and build design space for the 

CPP (22). In order to deduce meaningful information from the response surface design and to 

adequately map the response surface, it is imperative to understand the design structure with 

regards to process ranges listed as factorial points and center point. Also, if the ranges need to be 

explored outside its limits then star point or axial points can be added. There are several aspects 

also taken into consideration when selecting a response surface design like orthogonality (main 

effects and interaction terms are estimated independent of each other), rotatability (the 

information generated for the responses is similar as it is designated at the same distance arising 

from the center point) and adding star points or axial point to achieve a design orthogonal and 

rotatable.  The axial point is determined using axial distance (α) i.e. distance of star points from 

the center of the design.   

 In addition to the statistical response surface approach utilized to establish a design space, 

newer approaches are also being utilized namely Bayesian approach using Monte Carlo 

simulation to correlate the multivariate analysis of the factors to the quality attributes. In the 

probabilistic approach, the quantitation is performed by random sampling and the outcome of the 

experiments is predicted based on probability distribution of the samples (23; 24). 

 The scale-up of the coating process especially utilizing fluid bed technology is often 

challenging and requires in depth understanding of the equipment engineering design in 
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conjunction with the operating principles to yield consistent and reproducible drug product every 

time a batch is manufactured.  Some of the key scale –up issue like gas by passing/heat loss, poor 

contact with bed particles due to dead zones and particle flow patterns have been discussed by 

Matsen (25).  With fluid bed equipment, when changing scale, the process parameters need to be 

optimized or changing the scale can adversely impact pellet coating uniformity and consequently 

drug release (26).  With the advancement in fluid bed engineering design, modern fluid bed 

systems are manufactured to yield efficient mass and heat transfer; thus, thermodynamic models 

can be utilized to predict scale-up factors. A literature survey for fluid bed bottom spray coating 

systems suggests that not much scale-up work has been published for the development of 

multiparticulate beads and the process of pseudo-latex film coat curing is still not well 

understood. This lack of knowledge often leads to empirical formulation techniques and process 

development leading to incomplete film formation and subsequently variable dissolution on 

stability (27).  

 There is lack of published research that clearly illustrates the pathway for systematic 

process development for multiparticulate bead coating using disk-jet fluid bed technology.  Key 

issues that need further research include best practices for developing a response surface to 

establish design space of the critical process parameters and methods for change of 

manufacturing scale. The trial-and-error approach with inadequate process understanding and a 

poor knowledge of the design space is not an optimum way to develop a formulation and process. 

This approach will lead to a formulation and processes that are not robust and may have 

unreliable quality attributes.  Thus, the primary objective of this paper is to determine the best 

way to establish a coating process design space for the CPP that can be verified across scales, and 

to compare the design space for the CPP established using traditional method with that 

determined using a Bayesian approach. 
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Materials and Methods 

Materials 

 Ciprofloxacin HCl layered beads (particle size range 1000-1400 µm); lot 

#CH/SF/0010112 were obtained from Spansules Pharmatech, Hyderabad, India; the hydrophobic 

controlled release polymer ethylcellulose dispersion (Aquacoat® ECD 30% aqueous dispersion 

with d50 ~ 450 nm); lot #s JN1182330, JN1100202,JN12825161 and JN12824864 were obtained 

from FMC Biopolymer, Newark, DE; the hydrophilic plasticizer Triethyl citrate; lot # 110171 

was obtained from Vertellus, Greensboro, NC and the pigment color D&C Red # 27; lot # 

AL9922 was obtained from Colorcon, West Point, VA. The chemicals utilized for the analytical 

testing were either ACS or USP grade.   

Bead Coating - Mycrolab and Unilab  

 Ciprofloxacin drug layered beads were coated using the novel disk-jet technology fluid 

bed equipment from OYSTER Huttlin now Bosch fluid bed system (Schopfheim, Germany). The 

Ciprofloxacin HCl layered beads were previously assessed using risk analysis and characterized 

for the material attributes that can significantly affect the coating process and the final coated 

beads quality (refer to chapter 3). The small scale batches were manufactured using the 

Mycrolab® and scale-up batches were manufactured using the Unilab®.  The Mycrolab was fitted 

with 1 L bowl and a Huttlin 0.8 mm diameter spray nozzle, while the Unilab was fitted with 10 L 

bowl and a Huttlin 1.2 mm spray nozzle.  In the Mycrolab the coating solution was sprayed using 

an external peristaltic pump, whereas in the Unilab the coating solution was sprayed using an 

inbuilt peristaltic pump. For the Mycrolab® and Unilab®, the nozzle microclimate, nozzle 

atomization pressure, inlet air temperature and air volume were controlled by the equipment 

setting. The product temperature (spraying temperature during spraying stage and curing 
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temperature during curing stage) is a dependent variable and is measured using the temperature 

probe installed in the fluid bed equipment around the coating zone see Fig. 4-2. The polymer 

coating dispersion was prepared by: 1) a weighed amount of ethylcellulose dispersion was 

screened through 853 µm screen and added to a weighed amount of water, the proportions are 

shown Table 4-1; 2) then triethyl citrate was added directly into the coating dispersion with 

continuous stirring using a magnetic stirrer, and the dispersion was stirred at least 30 minutes; 3) 

the color D&C Red # 27 lake was slowly added to the coating dispersion and mixed for an 

additional 30 minutes; 4) the final coating dispersion was screened through 152 µm screen. The 

response surface and scale-up batches coating dispersion composition were based on 3% w/w 

weight gain onto the drug layered beads (Table 4-1).  

  Table 4-1: Formulation Composition of Ciprofloxacin HCl Coated Beads 

Ingredients Final Potency 257 mg/g 
RSM Batches 

Final Potency 257 mg/g 
Scale-Up Batches 

 Batch Quantity (g) Batch Quantity (g) 

Ciprofloxacin HCl IR beads (26.5%) 275.0 2750.0 

Ethylcellulose (Aquacoat ECD – 30% 
dispersion) 22.0 220.0 

Triethyl citrate (25% w/w of the 
polymer weight) 1.65 16.5 

D &C Red # 27 pigment 0.1 1.0 

Deionized Water 31.4 313.50 

Final batch Size 283.3 2832.5 

% Solids in Solution 15 15 

Total quantity of solution 55.0 550.0 
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Bead Coating Manufacturing Conditions 

 The Ciprofloxacin HCl layered beads were charged into the fluid bed equipment 

preheated to a temperature slightly above the desired spraying temperature, and spraying of the 

coating solution was started after the beads reached this desired spraying temperature. The 

processing parameters microclimate (0.2 bar), atomization pressure (0.8 bar) and percent solids in 

the coating solution (15% w/v) were kept constant for all the batches, whereas the inlet air 

temperature was controlled so as (i.e., the inlet air temperature was changed to keep a constant 

spraying temperature) to achieve desired spraying temperature during the spraying stage as the 

spray rate was ramped. During the manufacture of design of experiments utilizing central 

composite design for response surface methodology, the coating solution spraying was ramped 

from 3 rpm to 5 rpm after 5 minutes using a peristaltic pump, then sprayed for another 10 minutes 

at 5 rpm and finally kept constant at 7 rpm until the end of the run (approx. 0.7 g/min – 3 rpm, 0.9 

g/min – 5 rpm and 1.5 g/min – 7 rpm), while for the scale-up batches the coating solution 

spraying was ramped from 3 rpm  to 4 rpm after 5 minutes, then sprayed for another 10 minutes 

at 4 rpm and finally  kept constant at 6 rpm until the end of the run (approx. 7.2 g/min – 3 rpm,  

8.8 g/min and  14.9 g/min). After all the coating solution was sprayed, the coated beads were 

dried for 5 minutes at the same spraying temperature and thereafter cured at elevated temperature 

for an extended period of time, see Table 4-3. After curing the coated cured beads were cooled 

down, discharged and screened.  

Test Methods 

Percent Agglomeration and Percent Yield 

 At the end of the coating process the ciprofloxacin HCl coated bead were screened 

through 1680 µm and 1000 µm screens. The beads retained on 1680 µm screen were used to 
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determine the percent agglomeration and beads passed through 1000 µm screen were used to 

determine the percent fines. Based on percent agglomeration and percent fines, the percent yield 

of the batch is calculated as shown in equation 1 listed below. 

 

% 𝒀𝒊𝒆𝒍𝒅 =  𝑇𝑜𝑡𝑎𝑙 𝐵𝑒𝑎𝑑𝑠 𝑎𝑓𝑡𝑒𝑟 𝑐𝑜𝑎𝑡𝑖𝑛𝑔−(A𝑔𝑔𝑙𝑜𝑚𝑒𝑟𝑎𝑡𝑒𝑠+F𝑖𝑛𝑒𝑠+𝑆𝑎𝑚𝑝𝑙𝑒𝑠)
𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝐵𝑎𝑡𝑐ℎ 𝑆𝑖𝑧𝑒

× 100                   equation 1 

 

In-Vitro Drug Release Studies 

 For the dissolution studies, 100 mg equivalent to 25.7 mg of Ciprofloxacin HCl of coated 

beads were used. The dissolution medium consisted of 900 mL of 0.1N HCl at pH 1.2 ± 0.05 and 

the dissolution apparatus was USP apparatus I – basket type (SR8Plus - Hanson Research, 

Chatsworth, CA) operating at 100 rpm and 37 ± 5oC.  The dissolution apparatus had automated 

setting with a peristaltic pump connected to an on-line UV-Visible Spectroscopy (Pharmaspec 

UV-1700, Shimatzu Corp., Columbia, MD) and sample aliquots were measured periodically at 30 

minutes time interval continuously for 10 h at 276 nm wavelength. The amount of drug released 

was calculated based on the calibration curve and absorbance value for every time point.   

Loss on Drying 

 The coated beads residual moisture was determined using a halogen lamp loss on drying 

(LOD) apparatus (Mettler Toledo, HB43 Halogen). To measure LOD, approximately 1.0 g of the 

coated beads were placed in the aluminum pan and heated for about 60 minutes at 105oC. The 

routine development measured the bead weight as a function of time until no weight change was 

observed.  
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Coating Level Determination 

 To establish dissolution specifications for the quality target product profile (QTPP), three 

time points were selected from the profile based on the drug relese per the regulatory guidance 

(ICH Q6A)  ( initial drug release – 1 h, at least 50% drug release – 2 h and one point above 80% - 

7 h) . The Ciprofloxacin HCl coated batches were manufactured at different polymer coating 

weight gains, see Table 2 the processing conditions with regards to spraying (inlet air volume 30 

m3/h and spraying temperature 42oC),  and curing conditions (curing temperature 60oC and curing 

time 4 h) were kept constant. Based upon these studies, the dissolution specifications were 

established and utilized in the response surface batches for process optimization and to map 

response surface for defining the design space for the critical process parameters.  

 

Table 4-2: Formulation Composition of Different Coating Level Batches - Ciprofloxacin HCl 
Coated Beads 

Ingredients 

5% w/w – weight 
gain 

(Final Potency 238 
mg/g) 

4% w/w – weight 
gain 

(Final Potency 255 
mg/g) 

3% w/w – weight 
gain 

(Final Potency 
257 mg/g) 

 Batch Quantity (g) Batch Quantity (g) Batch Quantity (g) 

Ciprofloxacin HCl IR beads 
(26.5%) 250.0 250.0 250.0 

Ethylcellulose Aqueous 
dispersion (Aquacoat ECD 
– 30% dispersion) 

33.3 26.7 20.0 

Triethyl citrate (25% w/w 
of the polymer weight) 2.5 2.0 1.5 

D &C Red # 27 pigment 0.1 0.1 0.1 

Deionized Water 47.5 38.0 28.5 

Final Batch Size 262.5 260.0 257.5 

% Solids in Solution 15 15 15 

Total Quantity of Solution 83.3 66.7 50.0 
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Design of Experiments and Statistical Analysis  

 The DoE to determine the response surface was based upon a central composite 

circumscribed design (CCCD).  The design and statistical analysis was created using the Design 

Expert® (software version 8.0.4: Stat-Ease, Inc., Minneapolis, MN). A central composite 

circumscribed design (CCCD) was chosen so that information outside the process range, i.e. 

factorial points, would be obtained to determine the possible edge of failure (28; 29). The CCCD 

design consisted of two levels for the factorial points, two levels for the axial points also called as 

star points and one level for the center point.  In total, every factor was evaluated at five different 

levels across the parameter range.  The axial points are calculated based on an alpha value (± 

0.5α), and the total number of factorial points in the experimental runs.  The design type and 

factor processing ranges were chosen based on information obtained from the previous study (see 

Chapter 2), preliminary experiments and coating level optimization study to shift the region of 

interest close to optimum. In order to fit the quadratic model, before executing the experiments 

the designs power i.e. signal/noise ratio (change in response/experimental error) was determined 

using the fraction of design space (FDS), which determines the design region that can be 

estimated with precision. In a typical assessment FDS greater than 80% is considered acceptable 

for design space prediction (30). The other attributes used for the design evaluation were plots of 

the standard error and the average leverages of the design points. The RSM design runs were 

randomized to obviate the influence of uncontrolled variables during batch manufacturing.  

 The response surface was fitted using the central composite design structured to estimate 

the quadratic model using the four factors at two levels to understand the relationship between the 

factors and the responses and determine the optimum maxima and minima is:  

 

𝒚 =  𝜷𝟎 +∑ 𝜷𝒊𝒊 𝒙𝒊 + ∑ 𝜷𝒊𝒊𝒊 𝒙𝒊𝟐 + ∑∑ 𝜷𝒊𝒋𝒊<𝒋 𝒙𝒊𝒙𝒋 + 𝜺                                                   equation 2 
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where y = response evaluated, β0 = intercept, βi = Main factor regression coefficients also called 

as beta, βij = two-factor interaction coefficients, βii = quadratic term coefficients and ε = random 

error.  Three-factor interaction terms, βijk , are often explored but are typically omitted for 

convenience. Equation 2 is written more compactly in matrix notation as shown in equation 3. 

 

𝒚 = 𝜷𝟎 +  𝐱′𝛃 + 𝐱′𝐁𝐱 + 𝜺                                                                                                equation 3 

 

where  x= (x1,x2,…,xk)′  is the vector of k independent variables coded such that x=0 is the center 

point of the design and β is the vector of coefficients ( β1,β2,...,βk )′, and B is a symmetric (k × k) 

matrix in which the diagonal terms are regression coefficients, βii (i.e., β11 of the B matrix equals 

β1 of the β vector), and the off-diagonal terms are βij /2.  The errors are multivariate normal.  The 

maximum likelihood estimates, �̂�0 , 𝛃� and 𝐁�  are substituted for 𝛽0, 𝛃, and B, respectively.  The 

true stationary point, 𝐱�𝒔, is as shown in equation 4.  

 

𝐱�𝒔 = −𝐁�−𝟏𝜷�/𝟐                                                                                                                  equation 4 

 

The design space for the critical process parameters was established using two different 

approaches. The first approach utilized statistical least square regression using contour plots and 

the second approach utilized seemingly unrelated regression for the probability Bayesian 

approach. The analysis of variance (ANOVA) was calculated using partial sum of squares method 

and the mathematical model was fitted using least-squares regression. The quality of the fitted 

model was assessed using the usual ANOVA estimates such as the residual error sum of squares, 

predicted R-squared, adjusted predicted R-squared, adequate precision and diagnostic, while the 

response surface plots were ultimately used to establish a design space. The design space was 

established based on contour plots for the predicted responses with confidence interval of 95% 
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and desirability function.  Desirability is a multiple response method, which utilizes geometric 

mean of all transformed responses to find the optimum solution where the values are set from 

zero (outside the limit) to one (within the limit) based on the goal for the responses i.e. none, 

minimum, maximum, target and in range.  The main objective of the desirability function is to 

find a set of good conditions and propose different solutions that will meet all the dissolution time 

points specification limits.   

 Based upon the coating level determination study, the Ciprofloxacin HCl layered beads 

were coated with the Aquacoat® ECD at 3% w/w weight gain, the values for the independent 

parameters and their levels are shown in Table 4-3. A total of 30 experiments were performed 

with 6 batches manufactured at the center point. The responses studied were percent 

agglomeration, percent yield, percent drug released (at 1 h, 2 h and 7 h) and loss on drying.  

 
Table 4-3: Central Composite Design - Factors Evaluated and Levels 

Factor Variable 
Name 

Unit - Factorial + Factorial - α + α Center 

X1 Inlet Air 
Volume 

m3/h 28 32 26 34 30 

X2 Spraying 
Temperature 

oC 40 44 38 46 42 

X3 Curing 
Temperature 

oC 57 63 54 66 60 

X4 Curing Time Hours 2 4 1 5 3 
 

Design Space using Gibbs-sampling, Markov-Chain Monte Carlo Simulation – 
A Bayesian Approach  

 
 As a second means of determining the design space of the critical process parameters for 

dissolution evaluation and as an approach for estimating uncertainty contours in the design space, 

we implemented a Markov-chain Monte Carlo simulation of dissolution outcomes after Peterson 

and colleagues (31; 32).  This approach uses seemingly unrelated regression (33) to estimate 
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regression coefficients and cross-model covariance for a set of stacked linear equations.  Each 

univariate regression is given in equation 5. 

  𝒚𝒕 =  𝜷𝟎 + ∑ 𝜷𝒊𝒊 𝒙𝒊 + ∑∑ 𝜷𝒊𝒋𝒊<𝒋 𝒙𝒊𝒙𝒋 + 𝜺                                                                                equation 5 

 

With the meaning of the β and x terms as in equation 1 (above) and yt = dissolution at time = t.  

Current FDA guidance for industry does not recommend fitting any particular model for 

dissolution but suggests that three time points might be sufficient to measure similarity with a 

“target” dissolution curve (GFI). Thus, we used various combinations of times in the set 

[1,2,…,7] hr  for a dissolution “model-free” assumption for the MCMC experiment. The principal 

assumption under SUR calculations is that the cross-equation errors ε are correlated. 

Additionally, if the factors are the same in every equation, then SUR estimates are no different 

than those obtained using ordinary least squares (OLS) calculations.  We assumed that dissolution 

(yt)  measured independently at a sequence of time points would meet that condition of cross-

model correlation and were aware in the RSM studies that the significant parameters (β s) also 

varied from one dissolution time to the next. If we write the preceding equation more 

conveniently in matrix form, we have,  

 

𝑦𝑡 = 𝑋𝑡𝛽𝑡 + 𝑒𝑡 ,              𝑡 = 1, … ,𝑘 

 

For example, for k=3 time points, we have matrix as shown in Equation 6; 

 

�
𝑦1
𝑦2
𝑦3
� = �

𝑿1 0 0
0 𝑿2 0
0 0 𝑿3

��
𝛽1
𝛽2
𝛽3
�+ �

𝜀1
𝜀2
𝜀3
�                                                                            equation 6 
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For which the betas are stacked vectors of the coefficients for the three equations; each Xi is a 

vector of the significant independent terms from the design matrixes, including defining 1 for the 

intercept. For example, X1 = (1, x1, x2, x3, x1x2, x1x3)′,   X2 = (1, x1, x2, x3, x1x3)′,  X3 = (1, x2, x3, 

x2x3)′,  might describe a typical set of stacked regression equations in which there are different 

subsets of regressors for each equation.  Equation 6 can be written conveniently in matrix 

notation as shown in Equation 7,  

 

𝒀 = 𝑿𝛃+ 𝒆                                                                                                                        equation 7 

 

where e ~ N(0,Σ)  and Σ is the cross-equation covariance matrix.   It is convenient for simulation 

calculations to write e as the product of the transposed Cholesky square root matrix, (Σ1/2)′,  and ε 

~N(0, I ).  In order to calculate the SUR estimators, an ordinary least squares estimation is used.  

Our general procedure for obtaining regression coefficients and Σ using SUR is: 

1. Define a balanced system of linear equations, one for each time point.   

2. Use OLS regression (package systemfit in R or proc syslin in SAS 9.3) to find significant 

first-order and interaction terms(34),(35). 

3. If the cross-model correlations are significant, submit the interaction terms to SUR 

regression (package systemfit in R or proc syslin in SAS 9.3).  

4. Obtain estimates of the regression coefficients, and Σ from the SUR calculations. 

The estimates from SUR calculations served as inputs for the rsurGibbs procedure from the 

“bayesm” package in R (36) .  The rsurGibbs procedure performs Markov-chain Monte Carlo 

(MCMC) sampling of the SUR model using a Gibbs sampler (37). Essentially, the Gibbs sampler 

draws from iteratively from the conditional posterior probability density functions (pdfs) for (β 

|Σ) and (Σ|β ) (37-39).   The inputs to rsurGibbs include the significant coefficients from the M 

regression equations and the cross-model covariance matrix, Σ.    The input values of x can be a 
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lattice covering the design range as in Peterson (40) or drawn randomly from uniform or other 

appropriate distributions.  For convenience and density of the outputs, we used random samples 

of uniform distributions for the values of xij.  

 The R program creates Markov chains in β  and Σ in addition to the calculating the 

dependent variables for vector y.  Diagnostic plotting to monitor the “burn-in” and mixing of the 

sample chains in addition to monitoring for lagged correlation in the chains. In order to calculate 

a posterior probability for the “acceptable” design space, we used the f2 similarity criterion using 

a “target” dissolution profile for calculation.  The probability that all time points were in an 

acceptable range was calculated from the number of simulations were “close to” or within a 

determined range of acceptable values (e.g., limits as lower and upper specification limits or a 

region defined as a multiple of the target value, e.g, (0.9 × target)  ≤ y ≤  (1.1 ×  target) .  Using 

our approach of a model-free dissolution curve, the posterior probabilities of acceptable 

dissolution f2 ≥ 50 were calculated for predetermined triples of dissolution times or for all seven 

time points for dissolution. 

 

Stability Evaluation of the Coated Beads  

 To test for stability, 10 g of Ciprofloxacin HCl coated beads from the batch manufactured 

using the optimal setting for the critical process parameters based on the design space were 

placed into a 20 mL scintillation vial and covered with Parafilm® M (VWR) and then storing 

under ICH accelerated conditions 40oC/75%RH.  The samples were withdrawn at 15 days, 1 

month and 3 month time points and analyzed for drug dissolution.  The statistical f2 dissolution 

metric was utilized to compare the dissolution profiles.  The surface morphology of the stability 

samples was assessed using scanning electron microscopy (SEM) to correlate the surface changes 

to the drug release from the coated beads. The SEM pictures of at least five coated beads were 

taken by scattering the samples onto graphite tape on a SEM pin mount and observed in a Quanta 
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200 scanning electron microscope (FEI, Co.) without sputter coating. Scanned signals were 

collected at low vacuum mode (0.7 torr) by using a large field detector at voltage around 12.5 kV.   

Scale-up Batches 

 The scale-up batches were manufactured using linear scale approach from 0.275 kg to 

2.75 kg scale, a tenfold increase in batch size.  The scale independent critical process parameters 

i.e. spraying temperature and curing temperature and its ranges were utilized based on the results 

of the design space from the response surface study. The parameters deemed non-significant in 

the response surface study for the range studied i.e. microclimate and atomization pressure were 

kept same in the scale up batches. The inlet air volume was increased linearly from 29 m3/h to 

290 m3/h based on the increase in bed size to the air volume ratio, which is a tenfold increase (see 

Equation 8). 

  A1*B1 = A2*B2                                                                                                       equation 8 

 

A1 = air volume utilized in the confirmatory batch using the design space from Mycrolab batches, 

B1 = batch size of the confirmatory batch using Mycrolab, A2 = air volume calculated for the 

scale up batches and B2 = batch size of the scale-up batches. The spray rate was optimized to 

keep similar amount of polymer deposition over the coating period i.e. amount of solution 

sprayed/kg of material.  The calculation for the spray rate at different peristaltic pump speed of 3, 

5, and 7 rpm for Mycrolab batches versus 3, 4, and 6 rpm for Unilab batches was performed 

based on the batch size as shown in Equation 9 to maintain similar spray flux at different scale 

batches.  

 

Srm*A1 = Sru*A2                                                                                                          equation 9 
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Srm = Spray rate rpm using Mycrolab batches, A1 = Amount sprayed per kg of material at the set 

rpm in Mycrolab batches, Sru = Spray rate using Unilab Batches, A2 = Amount sprayed per kg of 

material at the set rpm in Unilab batches. The main objectives of the scale-up batches were to first 

evaluate the impact of scale-up on the process efficiency and secondly to challenge and confirm 

the design space of the critical process parameters established using smaller R & D scale 

equipment. The scale –up batches were manufactured in two stages; prelimary batches and 

process ranging batches conducted in two blocks.  A total of three preliminary batches were 

manufactured i.e. one at the optimal setting of the CPP per the design space to confirm the 

coating level and the other two batches were to investigate the effect of critical process 

parameters outside the design space as shown in  Table 4-4. All three batches were cured for 4 h.  

For the process ranging batches, total of 12 batches were manufactured in two blocks i.e. 6 

batches in each block (Fig. 4-1). The block 1 consisted of four factorial points batches and two 

center point batches from the RSM design space and  block 2 consisted of four factorial points 

and two center points batches using extended design space information i.e. mid-points of the CPP 

between the statistical design space and Monte Carlo simulation design space. The comparison of 

the variables for the Mycrolab and Unilab batches are shown in Table 4-5. 

 
Table 4-4: Scale-Up Preliminary Batches – Process Parameters Layout 

Batch Status MC (bar) AP (bar) AV (m3/h) ST (oC) CT (oC) 
1 Coating Level 

Confirmation 
0.2 0.8 290 41 60 

2 Process Range 
Outside DS 

0.2 0.8 290 38 63 

3 Process Range 
Outside DS 

0.2 0.8 290 44 57 

MC = Microclimate, AP= Atomization Pressure, AV= Inlet Air Volume, ST= Spraying 
Temperature and CT = Curing Temperature 
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Fig. 4-1: Process Ranging Study – A) Block 1 Batches and B) Block 2 Batches 

 
 

   Table 4-5: Comparison of Variables - Mycrolab and Unilab Batches 

Variables Mycrolab 
Confirmatory/Stability Batch 

Unilab 
Process Ranging Batches 

Batch Size 275 g 2750 g 
Bowl Dimension 1L 10L 

No of Guns 1 3 
Nozzle Diameter 0.8 mm 1.2 mm 
Spray Rate (rpm) 3, 5 and 7 rpm 3, 4, and 6 rpm 

Microclimate 0.2 bar 0.2 bar 
Atomization Pressure 0.8 bar 0.8 bar 

Air Volume 29 m3/h 290 m3/h 
% Solids 15 15 

Position of the Gun Vertical from bottom 45 degrees from bottom 
Pump External Peristaltic Internal Peristaltic 

Tubing Size #8 Vinyl Tubing # 16 Vinyl Tubing 
No of Filters 3 3 
Filter Type Cartridge Filters Cartridge Filters 

 

Process Analytical Tool to Measure Humidity 

 To measure temperature and humidity levels in the process environment, a Pyrobuttons® 

data logger from OPULUS (Philadelphia, PA) was used. These data loggers are small stainless 

steel circular in shape buttons with dimension of 6 mm X 17 mm, and measure changes in 

temperature and humidity at a predefined sampling interval that can be programmed using the 

A B 
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OPULUS software. This device is calibrated to measure temperature and humidity in the range -

40°C to 125°C and 10% RH to 80% RH, respectively, and has protected memory so it can be 

utilized in harsh environments like during fluid bed coating. For the RSM design and scale-up 

batches, ten Pyrobuttons were programmed to monitor temperature and humidity every 30 

seconds interval and placed at different locations in the fluid bed equipment (Fig. 4-2). After each 

coating operation, the data from the Pyrobuttons was downloaded and plotted to study humidity 

changes and trends during the spraying and curing operations.   

 

 
Fig. 4-2: Positions of the Pyrobutton in the Mycrolab® and Unilab® Fluid Bed Equipment 
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Results and Discussion 

 The work presented in this study is an extension of the authors’ previous study (Chapter 

3), which used systematic risk assessment models to identify the critical process parameters that 

influence product quality, and if not controlled can increase the risk of product failure, see steps 

1-5 in Fig. 4-3. In this previous study, a two-step risk approach was used where first the critical 

process parameters were identified by a qualitative risk analysis and second these results were 

tested using a quantitative resolution V fractional factorial design to gain adequate process 

understanding. This information was then used to design a resolution IV fractional factorial 

design to understand the coat variability due to process efficiency differences and variable 

dissolution due to quality and extent of film formation. Using these studies, a strong correlation 

between the critical process parameters and the critical quality attributes of the final coated beads 

was established; in addition, a basic understanding of critical process parameter ranges was 

determined.  

 The results presented and analyzed in this paper focus on steps 6, 7 and 8, shown in Fig. 

4-3.  Recall the objectives of this study are to 1) compare two methods of determining the design 

space and 2) to see how this design space changes across manufacturing scales and needs to be 

revaluated to account for the scale change.  To achieve our objectives, we first need a formulation 

that meets the QTPP requirements; to achieve the desired release rate the coating thickness or 

level must be determined.  Once the formulation and coating level have been established, then the 

target processing conditions must be determined, this is usually at a processing optimum in the 

response surface.  To determine response surface model, Equation 2 must be fit to the data, and 

the best model found.  The response surface model was then used to determine the design space 

i.e., the range of parameters that if the processing conditions are within this range the final 

product has a high probably of meeting its QTPP.  The design space for the critical process 

parameters was established using two different approaches. The first approach utilized statistical 
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least square regression for the contour overlays and the second approach utilized seemingly 

unrelated regression for the probability Bayesian approach. Then the design space and response 

surface models were tested across different manufacturing scales.  This process is outlined in Fig. 

4-3.  Because if the film coats are not fully cured then the release rate can change over time; thus, 

before the design space can be challenged and validated across scales, the coated beads stability 

was evaluated under ICH accelerated conditions to optimize the curing time.  The information 

gathered from resolution IV study was utilized for the coating level optimization study conducted 

(step 6) to meet the target dissolution specifications.  To address curvature effect observed in the 

resolution IV study for the response studied, response surface methodology was utilized to 

optimize the coating process by understanding the effect of the processing conditions when 

mapping the response surface that would yield optimal region of interest and build design space 

of the critical process parameters for the coating process.  The design space robustness was 

validated by manufacturing a confirmatory batch and compared the observed dissolution data to 

the predicted data. Using the design space information and optimized curing time, scale-up 

batches were manufactured to assess scale dependence effect of the critical process parameters 

and process signature was developed using univariate approach.    
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Fig. 4-3: Schematic of Focus of the Study  – Step 6 and Step 7  

 The coating process was optimized using response surface methodology with regards to 

the physical attributes like percent agglomeration and percent yield. These attributes if not 

optimized can significantly affect the critical quality attributes of the final drug product. It was 

observed that the degree of agglomerate formation was not pronounced under the processing 

environment utilized for the response surface design. However some degree of spray drying was 

witnessed in extreme higher process range batches for the spraying temperature and air volume. 

The response surface methodology was successfully utilized to optimize the coating process and 

the critical process parameters were optimized using 2FI model. The design space deduced from 

the statistical approach (ordinary least square regression) was found to be more conservative than 

the Bayesian approach (seemingly unrelated regression).  
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Coating Level Determination 

 To determine the best weight gain in order to meet the QTPP drug release requirements, 

Ciprofloxacin HCl drug layered beads were coated with an ethylcellulose polymer with 3% w/w, 

4% w/w or 5% w/w weight gain. The three batches were manufactured using the formulations 

given in Table 2 and same processing conditions, which included an absolute humidity of 10-12 

g/kg of air and a 4 h curing time.  These batches had a similar percent agglomeration (<0.5%), 

percent yield (>98%) and loss on drying after curing (<1%). The drug release rate from the coated 

beads with different weight gains is shown in Fig. 4-4.  The drug release rate decreased, due to a 

longer drug diffusion path length, as the coating thickness increased from 3% w/w to 5% w/w 

weight gain. Based on the criteria defined in the QTPP of the Ciprofloxacin HCl drug release 

profile and as per dissolution regulatory guidance (ICH Q6A), 3% w/w weight gain batch was 

deemed as acceptable and dissolution specification of the final coated drug product was 

established at different dissolution time points as 1 h = 25-45%, 2 h = 46-66% and 7 h = NLT 

80%.   

  
Fig. 4-4: Dissolution profiles of the different weight gain batches (Error bars – S.D. of Mean) 
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Response Surface Determination and Process Optimization 

 The central composite design points and responses are given in Table 4-6.  In the 

following sections the effect of the process variables given in Table 4-6 on agglomeration, yield 

and LOD will be discussed; this will be followed by a discussion of dissolution.  The degree of 

particle agglomeration was found to be less than 2% and this response can be attributed to the 

balance between the spray rate and the rate of heat and mass transfer, which lead to a drying 

efficiency that kept the beads from becoming tacky.  Other factors contributing to generation of 

lesser degree of percent agglomeration may be the surface area to volume ratio of the core 

substrate exposed to the droplet size of the coating dispersion and relatively instantaneous drying 

of the coated particles due to efficient particle movement in the bed. The percent yield is directly 

correlated to the degree of agglomeration and final moisture content in the coated beads. It was 

observed that the batches coated at a spraying temperature of 44oC and 46oC demonstrated slight 

degree of spray drying resulting in varying dissolution profiles as explained below. After the 

spraying process, as part of the curing process the residual surface water will start to evaporate 

until equilibrium exist between the moisture present in the voids and surface moisture. The rate at 

which the water gets evaporated dictates the extent of curing and the final quality of the film 

formed. Hence loss on drying can be used as a marker to determine the amount of residual 

moisture present in the beads. The batches cured at different curing temperature and time yielded 

LOD values ranging from 0.67 – 1.22%.  The response surface design along with batches 

compiled results for the responses studied are listed in Table 4-6.   
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 Using all the data from the response surface batches, see Table 4-6, the main effects, 

interactions terms and quadratic terms were calculated. The responses, percent drug released in 1 

h (Y3), percent drug released in 2 h (Y4) and percent drug release in 7 h (Y5) were all evaluated 

using two factor interaction (2FI) model as shown in Table 4-7. The summary of the overall 

ANOVA factorial model with statistical analysis of the estimated main effects and interaction 

terms are as shown in Table 4-8.  The model and main effects along with interaction terms were 

deemed significant based on the values of "Prob > F" being less than 0.0500.  

 

Table 4-7: Response Surface Design – Overall Model Information 

Response Name Obs. Analysis Min. Max. Mean 
Std. 

Dev. 
Ratio Transf. Model 

Y1 % 
Agglomeration 

30 Polynomial 0.05 0.15 0.09 0.03 3.0 None None 

Y2 % Yield 30 Polynomial 98.20 98.70 98.47 0.11 1.0 None None 

Y3 
% Drug 

Released in 1 h 
30 Polynomial 18.03 71.81 45.41 14.72 4.0 None 2FI 

Y4 
% Drug 

Released in 2 h 
30 Polynomial 35.30 91.70 67.10 15.30 2.60 None 2FI 

Y5 
% Drug 

Released in 7 h 
30 Polynomial 76.01 102.33 94.50 7.12 1.4 None 2FI 

Y6 LOD 30 Polynomial 0.60 1.22 0.89 0.15 2.0 None None 
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 For the range of parameters studied, it was found that no significant amount of 

agglomeration occurred in any of the batches of the response surface study.  Hence for the 

percent agglomeration none of the independent parameters X1 - X4 was deemed statistically 

significant for the ranges studied. Similarly, for the percent yield and loss on drying none of the 

independent parameters X1 - X4 was deemed to be statistically significant. The summary of the 

overall model ANOVA predicted results are shown in Table 4-9. The PRESS (predicted residual 

error sum of squares), R-Squared, predicted R-squared and adjusted R-squared was used to 

determine variance coverage by the model. The precision of the model was determined to ensure 

the signal is not from the noise.  

 
Table 4-9: Overall model ANOVA - Predicted Model Terms  

Responses Std. 
Dev. 

Mean C.V.% Predicted 
Residual SS 

R2 Adjusted 
R2 

Predicted 
R2 

Adequate 
Precision 

% Drug 
Released in 

1 h 
4.27 45.41 9.41 792.89 0.9332 0.9158 0.8739 27.194 

% Drug 
Released in 

2 h 
3.92 67.10 5.84 691.38 0.9503 0.9345 0.8982 29.916 

% Drug 
Released in 

7 h 
2.60 94.50 2.75 260.47 0.8944 0.8668 0.8229 21.036 

 

 

Drug Released from Ciprofloxacin HCl Coated Beads 

 Within the ranges studied, the agglomeration, yield and LOD were unaffected by changes 

in processing parameters; however, bead dissolution was greatly affected by changes in 

processing parameters.  This was due to changes in film formation and coating efficiency also 

termed as process efficiency.  The various stages of the film formation and its mechanism 

involving latex dispersion system are described in detail by Keddie J and Wicks Z (11; 16). 
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Polymer film formation starts to occur during spraying of the coating solution where there is a 

repetitive cycle of polymer deposition and evaporation of water from the bead surface.  

 This is the first stage of film formation where polymer particles arrange in an ordered 

fashion as water gets evaporated in three phases; water lose from the surface of the polymer 

droplets (water/vapor interface), rapid decrease in rate of water lose as the particle starts to 

assemble in orderly fashion (related to total area between water/air interface) and last dimished 

rate of water loss at the particles are fully ordered. In the last stage the water escape by diffusion 

from the ordered particle stack either in between the particle or through particles. The next phase 

is curing of the film, which takes place in two steps, first the particle deformation occurs above 

the minimum film formation temperature of the polymer and second interdiffusion of these 

deformed particles above the glass transition temperature of the polymer. The minimum film 

formation temperature is related to the spraying temperature during the spraying stage as it will 

dictate the process efficiency (amount of polymer deposited on the surface of the bead compared 

to the theoretical amount) and quality of film formed. While the temperature used above the glass 

transition temperature in the third stage can be related to the curing temperature during the curing 

stage as it will dictate the extent of film formation. Thus both the spraying temperature and curing 

temperature will affect the critical quality attribute of the final drug product, drug dissolution.  

 To elaborate the importance of humidity in film coalescence, which start from second 

stage where particle deformation happens due to capillary action of the interstitial water 

molecules that disrupts the repulsive forces of the polymer molecule thus forms a consolidated 

structure getting rid of the water. The rate of water evaporation from the voids will dictate the 

degree of particle deformation, which in turn is dependent on the temperature utilized and the 

humidity present in the air. After the polymer deformation takes place, the last stage inter-particle 

diffusion occurs at a temperature above the glass transition temperature of the polymer. As the 

polymer is in rubbery state in this stage, the molecule possesses increased molecular mobility and 
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free volume (fraction of volume not occupied by the polymer), thus the polymer particles with 

high thermal energy occupy the voids of the free volume leading to coalescence and fusion of the 

particles to form homogenous continuous film.  If any of the stages of the film formation is 

compromised, that would affect the quality and extent of film curing.   

 If the polymer film is completely cured under ideal curing conditions with regards to 

curing temperature, curing time and humidity, it ensures consistent drug release and physical 

stability of the film formed is assured. The under cured or partial/incomplete film coalescence 

will have different dissolution than fully cured films.  The drug release from partially or 

incomplete cured films is relatively faster compared to the fully cured films. This phenomenon of 

faster drug release is because these films are inherently unstable and can be related to 

deformation of the polymer particles due to inadequate curing conditions. When suboptimal 

curing conditions are utilized the polymer particles becomes too rigid due to diminished capillary 

force and faster evaporation of the water as a function of temperature and humidity present in the 

incoming air (higher propensity to remove moisture by the inlet air due to lower moisture 

saturation), which is the main driving force for polymer deformation.   

 The other side of under curing is the problem associated with curing at a temperature 

above the optimal curing conditions and can be termed as over curing. Over curing of the 

polymer film excessively at a higher temperature can have negative effect on drug release due to 

possibility of the drug migration to the surface because of creation of void in the coating as a 

consequence faster drug release is observed (41).   On the contrary, sometimes when curing at the 

higher temperature slower drug release can also be witnessed due to cumulative effect of 

temperature and humidity.  It can be hypothesized that when cured at higher temperature and 

inadequate humidity conditions, there is chance of formation of disordered dense film due to 

abrupt removal of water and not allowing to particle to deform in an organized fashion. The 
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repercussion of this phenomenon is that on stability these polymer particles will start to rearrange 

in an ordered fashion and can demonstrate different dissolution profile.  

 As will be discussed in more detail below, for the 3% w/w coating level, the response 

surface model for drug release demonstrated a dependence on: spraying temperature, curing 

temperature, curing time and humidity during spraying and curing to yield complete film 

coalescence.  

Effect of Curing Temperature, Time and Humidity 

 In this study the spraying temperature is related to the product temperature during the 

polymer spraying process i.e. during the actual coating of the drug layered beads, and the curing 

temperature is related to the product temperature during the curing process. The results obtained 

from the Pyrobutton® data loggers for the humidity changes provided insight into the quality of 

the film formed. The humidity data monitored especially from the coating zone, see Fig. 4-2. for 

both for the spraying process and curing process can be utilized to establish process signature for 

the spraying and curing process, and will be discussed later in this section. This process signature 

can be used as a part of the control strategy, and provide valuable underlying process information 

that can be used as a fingerprint for the process.   

 In this section, the drug dissolution from response surface batches compared to the target 

batch manufactured at 3% w/w coating level see Fig. 4-4 is discussed. The response surface 

batches were cured at five temperatures, see Table 4-3. As seen in Fig. 4-5A regardless of the 

curing time, the batches cured at 57oC demonstrated a faster drug release than the target batch 

which was cured at 60oC i.e. 3% w/w weight gain batch with a spraying temperature of 42ºC, an 

Inlet Air volume of 30 m3/h, a curing temperature of 60ºC and a curing time of 4 h. This could be 

attributed to incomplete curing, i.e., partial coalescence of the film due to suboptimal curing 

conditions, as discussed above.  In addition, if the process efficiency, which is related to the 
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spraying temperature is compromised as seen in Fig. 4-5A open symbols, then DoE 1, DoE 19, 

DoE 21 and DoE 25 batches cured at 57oC, although not a statistically significant difference, 

showed even faster dissolution compared to other DoE batches cured at same curing temperature 

but coated at a lower spraying temperature, which had a higher process efficiency. All the lower 

factorial point for curing temperature response surface batches (DoE 1, DoE 9, DoE 12, DoE 19, 

DoE 21, DoE 22, DoE 25 and DoE 30 open and closed symbols Fig. 4-5A) cured at 57oC 

demonstrated a statistically significant faster drug release at the 1 h and 2 h dissolution time 

points than the target batch that was cured 60ºC. This can be attributed to incomplete film 

formation as explained earlier; in addition, to variable humidity conditions. It can be seen in Fig 

4-5B and Fig 4-6, how drug release at 1 h, 2 h and 7 h dissolution time points for batches cured at 

curing temperature of 57ºC either at 2 h or 4 h demonstrate varied dissolution profile due to 

variable humidity level during spraying and curing stages as explained earlier.  The response 

surface batches DoE 19 and DoE 22 had a higher spraying and curing humidity level and 

demonstrated a slightly slower dissolution rate, due to the water facilitating film formation as 

described above; however, this moisture level was not enough to offset curing at a temperature 

too low for complete film formulation.  In addition, the axial point’s response surface batch (Fig. 

4-6 and 4-5A) cured at 54oC (DoE 16) curing temperature and 3 h of curing time demonstrated 

the fastest dissolution at the 1 h and 2 h time points, because the curing temperature was 

suboptimal and below the temperature needed for film formation.   

 A completely cured polymer film ensures consistent drug release as shown by the 6 

replicates at 3 h of curing and two samples cured at 1 h and 5 h at the DoE center point, see Fig. 

4-5C. The fact that the center point (DoE 11, Doe 20, DoE 10, DoE 17, DoE 3, DoE 15, DoE 24 

and DoE 7) batches do not show statistically significant differences despite the wide range in 

curing times indicates these batches are full cured.  Also, the two star points DoE 29 and DoE 14 

with inlet air volumes of 26 and 34 m3/h, respectively, do not show statically significant 
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differences in dissolution rate confirms the model prediction that, in range of air volumes studied, 

air volume does not significantly affect coating efficiency; Fig. 4-6 shows these batches to be 

cured at the same relative humidity.  In contrast, the two star points batches DoE 28, the slowest 

release rate and DoE 4 the fastest release rate that were sprayed at 38ºC and 46ºC, respectively, 

do show significant differences confirms the statistical analysis that spraying temperature is 

primary fact affecting process efficiency, i.e., coating thickness as described above.  The impact 

of relative humidity as seen in Figs. 4-5D and 4-6 demonstrate that there is a slight difference in 

drug release for the dissolution time points 1 h and 2 h from batches cured at 60oC for 3 h of 

curing time. This could be attributed to low relative humidity during the spraying and curing 

process thereby affect both coating efficiency and extent of curing but to a lesser degree.  

 It can be seen in Fig. 4-5E that batches cured at 63oC have different dissolution profiles 

compared to the target batch cured at 60oC.  Figs. 4-5E and 4-5F provide insight into the 

behavior, batches (DoE 2, DoE 8, DoE 18 and DoE 27, open symbols in Fig. 4-5E) that 

demonstrate faster dissolution.  These batchers were coated at a higher spraying temperature 

44oC, and the graphs indicate that some degree of spray drying during the coating process. At a 

curing temperature of 63oC the batches (DoE 5, DoE 6, DoE 13, DoE 23, closed symbols in Fig. 

5E) were coated at an optimum spraying temperature with better coating efficiency, the better 

efficiency leads to a thicker coat, which slows drug release rate at the 1 h and 2 h dissolution time 

points.  The lack of difference between the circle and square symbols of Fig. 4-5E, support the 

conclusion stated previously that in the range of parameters studied the inlet air volume didn’t 

affect the drug dissolution rate.  Also, the lack of difference in dissolution rate between the open 

green and orange symbols colored and the close green and orange symbols, in Fig. 4-5E, 

indicates that at a curing temperature of 63ºC the films are full formed in 1 h, because for a given 

spraying temperature the curing time either 1 or 4 h did not affect the release rate.   
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 For the DoE 2 batch, which was cured at 63oC and spray coated at 44oC, the spraying and 

curing humidity was also low, Fig. 4-5F, and this batch had the fastest dissolution rate, as 

described above this supports the theory that having an adequate humidity level is important for 

film formation.  Similarly DoE 8, DoE 18 and DoE 27 cured at 63oC and coated at 44oC had 

relatively higher humidity than DoE 2, DoE 5, DoE 6 thus resulted into dissolution results 

meeting the specification limits. In the response surface batches it can be concluded that the 

humidity effect is pronounced only when adequate polymer level is achieved and curing 

conditions like curing temperature and curing time are optimized.  The response surface batch 

cured at 66oC (DoE 26) and cured for 3 h demonstrated among the lowest dissolution rates at the 

1 h and 2 h time point, see Fig. 4-5E and Fig. 4-6,  even though the absolute humidity was found 

to be moderate but still suboptimal.   
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Fig. 4-5: A) Dissolution Profiles - Cured@57oC B) Dissolution Time Points Data - Cured@57oC C) 
Dissolution Profiles - Cured@60oC D) Dissolution Time Points Data - Cured@60oC E) Dissolution Profiles 
- Cured@63oC F) Dissolution Time Points Data - Cured@63oC (All the dissolution time points data are for 
1 h, 2 h and 7 h) 
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Fig. 4-6: Effect of Curing Conditions on Axial Point Response Surface Batches (Dissolution 
Time Points -  1 h, 2 h and 7 h) 

 

Statistical Analysis 

 For the range of the parameters studies, the ANOVA found the 2FI linear model was the 

best model for prediction of the percent drug released in 1 h, 2 h and 7 h; the significant 

independent variables for the percent drug released in 1 h and 2 h were spraying temperature 

(X2), curing temperature (X3) and curing time (X4). The spraying temperature dictates the process 

efficiency of the coating process and curing temperature and time dictates the extent of film 

formation. As the humidity during the coating process could only be monitored, it was not 

included as a factor in the response surface design, however it was evaluated outside of the DoE 

and its impact was studied in conjunction with the other critical process parameters as discussed 

above. For the percent drug release in 7 h, only the spraying temperature (X2) and curing  
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temperature (X3) were significant, probably, because the majority of drug was released, for most 

of the batches and due to decrease in gradient of the API from the core to the surface regardless 

of the curing time.   

 The contour plot for the percent drug release in 1 h (Fig. 4-7A) with curing time set at 4 h 

suggest that the dissolution was faster outside the upper range of specification limit of 45% when 

the spraying temperature was above ~42oC and curing temperature was lower than ~59oC, and the 

dissolution was found to be slower outside the lower specification limit of 25% when the 

spraying temperature was below 39oC and curing temperature was above 61oC.  Similarly, the 

contour plot for the percent drug release in 2 h (Fig. 4-8A) with curing time set at 4h suggest that 

the dissolution was faster outside the upper range of specification limit of 66% when the spraying 

temperature was above 41oC and curing temperature was lower than 59oC, while the dissolution 

was found to be slower outside the lower specification limit of 46 % when the spraying 

temperature was below 38oC and the curing temperature was above 61oC. The contour plot for the 

percent drug release in 7 h (Fig. 4-9A) with curing time set at 4h suggest that the dissolution 

specification of NLT 80% was achieved when the spraying temperature was within range of 38oC 

- 46oC and the curing temperature was between 57-61oC.  

 Fig. 4-7B, Fig. 4-8B and Fig. 4-9B shows the predictive model for the 1 h, 2 h and 7 h  

dissolution time points respectively comparing the observed vs. predicted values.  The coded 

predictive equation for the percent drug released in 1 h, percent drug released in 2 h and percent 

drug released in 7 h are listed in equations 10, 11 and 12, respectively 
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Y3 =  

+45.41 + 0.46 * X1 + 6.31 * X2 -13.52 * X3 – 1.68 * X4 + 2.34 * X1 X3 + 4.78 * X2X3                              equation 10 

 

Y4 =  

+67.10 + 1.06 * X1 + 6.87 * X2 -13.77 * X3 – 1.51 * X4 + 1.93 * X1 X3 + 5.99 * X2X3 -1.84 * X3X4       equation 11 

 

Y5 =  

+94.50 + 0.73 * X1 + 3.26 * X2 -5.85 * X3 – 0.05 * X4 + 3.53 * X2 X3 – 1.29 * X3X4                                equation 12 

 

Y3 = Percent Drug Released in 1 h, Y4 = Percent Drug Released in 2 h and Y5 = Percent Drug 

Released in 7 h 

 X1 = Air Volume, X2 = Spraying Temperature, X3 = Curing Temperature and X4 = Curing Time 

  

 The equations show that the curing temperature had the largest contribution followed by 

spraying temperature. It was found for all three dissolution time points that  the drug release was 

faster when the spraying temperature was high (potential for spray drying due to creation of dry 

environment), curing temperature was low (leading to incomplete film coalescence due to 

insufficient thermal energy for the polymer molecules to occupy the voids in the polymer matrix, 

thus forming brittle structure), curing time is low (not enough time for the particle deformation) 

and both spraying temperature and curing temperature are at high level. In addition to the above 

factors, the hidden variable that can have significant impact on quality film formation is the 

humidity in and around the coating zone. If the humidity is low and not adequate during the 

curing condition, then rigid particles are formed due to non-deformation and faster evaporation of 

water from the polymer core to the surface.   
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Fig. 4-7: Percent Drug Released in 1 h with curing time of 4 h  – A) Contour Plot B) Predictive 
Model 

 

 

 

Fig. 4-8: Percent Drug Released in 2 h with curing time of 4 h – A) Contour Plot B) Predictive 
Model 

 

 

A B 

A B 
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Fig. 4-9: Percent Drug Released in 7 h with curing time of 4 h – A) Contour Plot B) Predictive 
Model 

 

Design Space Determination using Least Square Regression 

 After mapping the response surfaces using 2FI linear models and elucidating the effect of 

processing conditions, the next step is to use these models to establish the design space.  The 

design space is the set of points in which the values of the input variables and process parameters 

are predicted to meet the QTPP specifications.  For example, in Fig. 4-7A, Fig. 4-8A and Fig. 4-

9A the design space for spraying temperature and curing temperature would be the set of points in 

which the dissolution specification of 25-45% released in 1 h, 46-66% released in 2 h and NLT 

80% released in 7 h would be met.  This can be determined by overlaying the contour plots from 

Fig. 4-7A, Fig. 4-8A and Fig. 4-9A to find the points that meet the QTPP specification for all 

three time points utilizing confidence interval of 95%.  The Fig. 4-10A, Fig. 4-10B and Fig. 4-

10C display the design space overlay contour plots at different levels of air volume at 4 h of 

curing. The contour lines are the interval estimates for each specified criteria and it can be seen 

from the overlay contour plots that the grayed out area is the undesirable region and the bright 

yellow area is the optimal region where all the specified criteria’s are met for the CI interval, 

A 

  

B 
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whereas the dark gold is the extended area of the optimal region where point estimate meets the 

criteria but part of the CI interval does not meet. Hence it is always desirable to utilize the 

optimal region of operation which was further confirmed using the desirability function as 

explained earlier. The red dots are the factorial points used in the response surface design, see 

Table 4-7. The results clearly show that the optimal region of the design space is enclosed within 

the factorial point i.e. above 61oC and below 59oC curing temperature with spraying temperature 

range from 38oC - 40oC the dissolution results for 1 h and 2 h time points fall outside the 

specification limits set using 95% CI. Similarly, with spraying temperature range from 43oC - 

44oC and the curing temperature at 62oC and 58oC both fall outside the dissolution specification 

with the latter being more significant.  As similar design space results were observed for the CPP 

at different levels of air volume, for the optimal region of the design space, midpoint of the air 

volume was selected. Hence based on the results of the responses modeled in the response surface 

design and the design space overlay plot, the best solutions of the final design space was 

performed using the desirability function to confirm the DS findings as shown in Fig. 4-10D.  

 

 

 

 

 

 

 

 



182 

 

  

 
Fig. 4-10: Design Space Overly Plots for Dissolution Time Points 1 h, 2 h and 7 h based on 
Confidence Interval (α=0.05) A) Air Volume @28 m3/h  and B) Air Volume @30 m3/h C) Air 
Volume @32 m3/h D) Desirability Factor 

 

Design Space Determination using Monte Carlo  

The principal results of the simulations using SUR models with Gibbs sampled MCMC 

(SUR-MCMC) show a close agreement with the classical multivariate regression modeling alone.  

For example, the two-stage modeling, SUR-MCMC, identified the same significant coefficients 

in the multivariate models.  The SUR-MCMC analyses provided standard errors of the regression 

coefficients (β) that are smaller than those estimated by the multiple regression analyses (not 

A B 

C D 
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shown).  This difference is most likely due to the exclusion of terms in the SUR-MCMC 

approach that were significant in the interval, 0.05 < p ≤ 0.1.  The “p ≤ 0.1” terms were included 

in the multivariate statistical models.   

In our view, a compelling rationale for Bayesian posterior of the proposed design space is 

the mapping of the multivariate confidence regions such as presented by Peterson and colleagues 

(40).  Most standard statistical approaches in DoE rely on assumptions about the normal 

distributions underlying the data.  Indeed, response surface methods even artificially “center” the 

model. By using MCMC sampling of the posterior distribution (i.e., a design space), a more 

realistic view of the potentially complex confidence region can be constructed.  Unexpectedly 

with respect to demonstrating the utility of the method, the present results revealed only a 

relatively simple posterior design space that could be sufficiently covered under assumptions of 

normality approximations such as the Box-Hunter confidence regions (42) or using desirability 

methods.   

FDA guidance refers to model-free methods for dissolution that recommend an 

acceptance criteria (f2 similarity) based on comparing three dissolution measurements with 

corresponding points from a “target” dissolution profile.  The SUR-MCMC method offers a 

convenient alternative means of modeling dissolution time points in the absence of assumptions 

about the underlying kinetic models (such as Weibull models).  Moreover, the entire sampled 

dissolution curve can readily be tested using the method (Fig. 4-11).  We used an acceptance 

criteria f2 ≥5 0  t ∈ [1,2,7] hours and f2 ≥ 50 for t ∈ [1,2,…,7] hours.  Sampling the coefficients 

and the sigma matrix for all seven points was done in up to 35 independent Markov chains.   

The assumptions in SUR modeling include using a difference subset of the regressors 

among the equations. Otherwise, the SUR model reduces to an ordinary least squares for the 

stacked equations.  Although the regressor terms were nearly equivalent for each time point 

including curing temperature, curing time and their interaction term in all 7 equations; 
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nevertheless, the cross-model covariance was different enough for use in the SUR model.  This is 

observed in the cross-model correlation before and after the MCMC (Table 4-10).  The results in 

Table 4-10 shows the impact on fitting dissolution of reducing the standard errors regression 

coefficients using MCMC and acceptance criterion, f2 ≥ 50.  Note also that the average of the 

samples for each time point is slightly greater than the target value due to the effect of sampling 

“around” the acceptance criterion.  

 
Fig. 4-11: SUR-MCMC estimates and 95% credible intervals for dissolution for an acceptance 
criterion, f2≥50.  The Gibbs-sampled MCMC estimates for dissolution are show (diamonds) with 
the target dissolution (Squares). The error bars show the range of 95% of the samples for each 
time point.    
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Table 4-10:  Upper Cross-Model Correlation Matrix for Dissolution before and after MCMC 
Sampling 

Cross-Model Correlation Matrix for 7 Dissolution Time Points – SUR Method 

 
1 hr 2 hr 3 hr 4 hr 5 hr 6 hr 7 hr 

1 hr 1 0.918 0.759 0.587 0.466 0.390 0.323 
2 hr 

 
1 0.938 0.837 0.750 0.689 0.630 

3 hr 
  

1 0.969 0.921 0.879 0.821 
4 hr 

   
1 0.985 0.960 0.911 

5 hr 
    

1 0.992 0.959 
6 hr 

     
1 0.978 

7 hr 
      

1 

After Gibbs-Sampled MCMC 

 
1 hr 2 hr 3 hr 4 hr 5 hr 6 hr 7 hr 

1 hr 1 0.910 0.740 0.560 0.440 0.350 0.280 
2 hr 

 
1 0.930 0.830 0.740 0.670 0.610 

3 hr 
  

1 0.970 0.920 0.870 0.810 
4 hr 

   
1 0.980 0.960 0.910 

5 hr 
    

1 0.990 0.960 
6 hr 

     
1 0.980 

7 hr 
      

1 
 

 The SUR-MCMC procedure may be used to explore other acceptance criteria that might 

be extended to process parameters.  For example, limits around each target dissolution value 

might be used to narrow the ranges of “acceptable” process parameters (as regressors).  Table 4-

11 shows results of a typical experiment in which the acceptance criteria were that “all three” or 

“all seven” dissolution values were within 90 to 110% of the target value.    The results in Table 

4-11 show that the 3- or 7-way joint probabilities are substantially less likely to occur than the 

case of all seven dissolution times meeting the f2≥50 criterion.  The results also show, by 

comparing various groups of three times, that this method might provide a convenient means of 

testing combinations of three time points when seeking an optimal choice of dissolution times. 
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 Table 4-11:  Estimated Probabilities of Acceptance for Various Combinations of 
 Dissolution Times 

 
Dissolution Time Points 

(hr) 

Acceptance Criteria 

90 - 110% of Each Target 
Dissolution f2 ≥ 50 

1,2,7 0.140 0.510 
1,3,5 0.253 0.725 
2,4,6 0.390 0.730 

1,…,7 0.020 1.000 
 

Finally, as Peterson (43) have noted, the large number of MCMC samples can be 

accumulated once for testing various posterior estimates under different proposed criteria (e.g., 

such as those in Table 4-11).  Additionally, regularly spaced grids of the Xs have been used to 

ensure adequate coverage of the proposed posterior design space.  In this work we examined both 

discrete, gridded independent variables and random sampling using uniform or other distributions 

that could provide coverage of the design space.  Although we find equal success for estimating 

the design space parameters from SUR-MCMC, it is important to note the limitations of this 

approach, particularly with respect to exercises like exploring the “point of failure.”  Here, 

investigators using DoE methods are tempted to extrapolate their models beyond the data.  Such 

tests require re-scaling or renormalization of the data in order to interpret the results.  For 

example, as the independent variable “space” expands, the proportion of the space “covered” by a 

fixed model will decline in relative terms.   Fig. 4-12 shows the impact on probability estimates 

of expanding the scale of the independent terms (Xs) without adjustment for the coverage.    
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Fig. 4-12:  Proportion of samples for “f2≥50” depend on the assigned range of independent 
variables (Air volume, Product Temp, Cure Temp, Cure Time).  The most obvious choice is to 
remain within the original design limits, e.g., [-1,1].  If the probability of acceptance, here using 
f2≥50 as the criterion, is a to be used as a measure of reliability, then the limits of the sampling 
should agree with the study design or otherwise be adjusted to represent different bounds and 
coverage of the design space.  

  

Model Prediction Verification 

 To test the models a completely independent confirmatory batch was manufactured at 3% 

w/w weight gain utilizing the Mycrolab® and the same formulation composition and optimal 

setting of the design space for the processing parameters mapped using the 2FI model. One of the 

proposed solutions from the desirability function with value close to one from the overlay design 

space was utilized for manufacturing the confirmatory batch (microclimate = 0.2, atomization 

pressure = 0.8 bar, air volume = 29 m3/h, spraying temperature = 41oC, curing temperature = 

60oC and curing time = 4 h) . The response surface predictive model dissolution results for the 

responses Y3, Y4 and Y5 compared to the actual batch dissolution results were found to be similar 

(Fig. 4-13). This confirms the robustness of the response surface model to predict dissolution 

results for the 1 h, 2 h and 7 h dissolution time points.  
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Fig. 4-13: Dissolution Time Points Comparison – Predicted vs. Observed 
Batch manufactured using optimal setting per the design space for the CPP 

 

 

Stability Evaluation of the Coated Bead  

 Based on the dissolution data from the response surface study, it can be deduced that 

batches cured at 60oC for 2 h, 3 h or 5 h curing time demonstrated differences in drug release 

especially for the two dissolution time points 1 h and 2 h.  As stated earlier, the rate of water 

evaporation can have impact of extent of film formation; hence it was imperative to study effect 

of curing time without changing curing temperature and humidity. Thus the coated bead batch 

manufactured using optimal setting per the design space for the critical process parameters but 

cured at different curing time was studied for drug release over stability. The release testing of the 

coated beads demonstrated distinctly different dissolution profiles for the uncured, 2 h and 4 h 

cured beads, and there was no significant difference witnessed between the 2 h and 4 h cured 
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beads as shown in Fig. 4-14A.  The stability results on the physical aging of the coated beads are 

shown in Fig. 4-14B, Fig. 4-14C and Fig. 4-14D for uncured, 2 h cured and 4 h cured coated 

beads, respectively, for different stability time points.  It is apparent from Fig. 4-14B and Fig. 4- 

14C that the uncured and 2 h cured beads further demonstrated faster dissolution compared to 

initial time point with f2 values decreasing significantly. The uncured beads did not meet the f2 

criteria (similarity factor >50) for all stability time points upto 3 months. The 2 h cured beads met 

the f2 criteria for the 15 days and 1 month stability but barely met the f2 criteria for the 3 month 

stability, while the 4 h cured beads as shown in Fig 4-14D met the f2 criteria for all the stability 

time point over stability.  

 In order to better understand the phenomenon of varying dissolution at different curing 

time, the SEM samples of the uncured and cured beads at 2 h and 4 h were evaluated. The 

magnification to surface area covered for all stability bead samples are; 150X – 500 µm, 1000X - 

100 µm, 5000X – 20 µm and 10,000X – 10 µm. The SEM pictures of the uncured beads (Fig. 4- 

15A and Fig. 4-15B for 1 month and 3 month stability, respectively) shows that the film 

coalescence was not complete leaving polymer film formation incomplete. This could be process 

related and it can be hypothesized that due to insufficient plasticization of the film with regards to 

curing, the voids start to increase further due to polymer film integrity disrupted over a period of 

time (44). Thus even though the uncured beads were exposed to high humidity where moisture 

can act as a plasticizer but due to excessive formation of voids to start with and synergistic effect 

of high temperature over stability there is possibility of the plasticizer to volatilize thus leading to 

faster drug release from the uncured coated beads.  Similarly for the 2 h cured beads stability as 

shown in Fig. 4-15C and Fig. 4-15D for the 1 month and 3 month time points respectively, the 

initial results upto 1 month was found to be suitable but the 3 month data shows that the surface 

of the beads had developed cracks that could contribute to faster dissolution. It can be 

hypothesized that even though the initial dissolution looked comparable to 4 h cured beads, the 
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particles had not ordered completely leading to formation of several micro cracks or voids which 

were not obvious during initial period of stability. Once the voids were formed the drug release 

was not significantly changed as seen in Fig. 4-15C.   The 4 h cured beads demonstrated adequate 

stability as seen in Fig. 4-15E and Fig. 4-15F, no incomplete film formation or cracks were 

observed.  It should be kept in mind that the coated beads were packaged in a scintillating vial 

that has high moisture vapor transmission rate (MVTR) than an HDPE bottle and sealed by 

parafilm with no desiccant. Thus the stability generated for the coated beads can be considered as 

worst case scenario for samples stored under accelerated storage conditions.   

 

 
Fig. 4-14: Effect of Stability on Dissolution of Ciprofloxacin HCl Coated Beads A) Initial Profiles of 
Uncured and Cured Beads B) Uncured Beads Stability C) 2 h Cured Beads Stability D) 4 h Cured Beads 
Stability 

A 
B 

C D 
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Fig. 4-15: SEM of Stability Samples A) Uncured 1-Month B) Uncured 3-Month C) 2 h 1-Month D) 2 h 3-
Month E) 4 h 1-Month F) 4 h 3-Month 

A B 

C D 

E F 
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Scale-Up Batches  

 The scale-up batches were conducted to see how the design space changed with 

manufacturing scale and to assess the robustness of the design space established using small scale 

batches. Between the two approaches utilized to determine the design space, we opted to adopt 

the more sensitive and conservative design space build using response surface methodology than 

the Bayesian approach. The scale-up work was conducted in two stages, preliminary batches 

followed by process ranging batches. The main objectives of the preliminary batches were to 

confirm the coating level i.e. 3% w/w thereby assess process efficiency effect going from one 

scale to another within the same equipment class and evaluate the factorial points of the response 

design for the process parameters in the design space. This information was crucial for 

determining the process ranges for the confirmatory batches so that the design space established 

using the response surface small scale batches can be confirmed and further updated depending 

on the outcome of the dissolution results from these batches. The confirmatory batches were 

manufactured in two blocks; the first block utilized the design space information of the critical 

process parameters from the response surface batches and the second block utilized intermediate 

points for the critical process parameters between the two design spaces established. This 

approach was taken to challenge the existing statistical design space and further update based on 

the outcome of the dissolution data. The two blocks exploring the design space of the critical 

process parameters i.e. spraying temperature and curing temperature consisted of four factorial 

points (high-high, low-low, high-low and low-high) and one center point.  

 The Mycrolab confirmatory batch and Unilab preliminary batch manufactured using 3% 

w/w coating level and optimal processing conditions demonstrated superimposed dissolution 

profiles signifying the process efficiency of the disk-jet technology going from one scale to 

another (Fig. 4-16A). The three preliminary batches manufactured at different spraying 
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temperature/curing temperature as shown in Fig. 4-16B suggest that there was no significant 

difference in dissolution profiles between 3 h and 4 h of curing time. The batch BK-031213 

manufactured using the optimal setting for the CPP was the coating level confirmation batch 

demonstrating similar dissolution profile as that of the target profile. The slow dissolution 

demonstrated by the batch BK-031213B sprayed at 38oC and cured at 63oC could be attributed to 

adequate amount of polymer deposition on the drug layered beads followed by formation of dense 

film.  On the other end the batch BK-031313 sprayed at 44oC and cured at 57oC demonstrated 

faster drug release partially due to spray drying of the polymer during spraying and incomplete 

film formation during curing. The trend of target, slower and faster drug release for the different 

dissolution time points 1 h, 2 h and 7 h from the three preliminary batches are shown in Fig. 4-

16C. The information from these preliminary batches was utilized for drafting the confirmatory 

batches process range conducted in two different blocks. The spread of the dissolution profiles 

and individual dissolution time points from the two blocks batches are shown in Fig. 4-16D and 

Fig. 4-16E were utilized to check the validity and robustness of the design space of the critical 

process parameters. The batch manufactured using spraying/curing temperature 43oC/58oC 

demonstrated fastest release followed by batch manufactured at 43oC/62oC compared to all other 

batches.  The justification for faster release can be attributed to slight spray drying encountered 

during the spraying process leading to insufficient deposition of polymer on the drug layered 

beads plus incomplete film formation during the curing period utilized. As part of the risk 

assessment in order to rule out lot to lot variability of the polymer dispersion system, which can 

significantly impact amount of polymer deposited, different polymer dispersion lots were 

evaluated and batches were manufactured using the optimal process setting. The results shown in 

Fig. 4-16F demonstrate all batches f2 values above 50 thereby signify the reproducibility of the 

polymer dispersion system with regards to amount of polymer content in each lot.   
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Fig. 4-16: A) Coating Level Comparison Mycrolab vs. Unilab Batch; Scale-Up Preliminary Batches B) 
Dissolution Profiles of Process Range Batches C) Individual Dissolution Time Points Data of Process 
Range Batches; Scale-Up Confirmatory Batches D) Dissolution Profiles of the Block 1 and Block 2 
Batches E) Individual Dissolution Time Points Data of Block 1 and Block 2 Batches F) Optimal Process 
Condition Batches with Different Polymer Dispersion Lots  

A B 

C D 

E F 
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Final Design Space and Process Signature 

 The main emphasis of developing the design space for the identified critical process 

parameters from regulatory perspective was to demonstrate thorough process understanding of 

the coating process and to guarantee that the design space established was independent of 

equipment scale. The characterization of the coating process performed utilizing the critical 

process parameters ranges established from small scale and scale-up batches can be divided into 

three distinct regions; experimental range, control space/extended design space and operating 

range/design space as shown in Fig. 4-17. The batches manufactured using the experimental 

range will yield dissolution results outside the specification limits and is used as a warning signal. 

While the batches manufactured in the control space region will yield dissolution results within 

the specification limits if utilized with in-process controls or feedback and feed forward 

mechanism and the batches manufactured in the operating range will always yield dissolution 

results within the specifications limits as this range is verified for robustness.  The Ciprofloxacin 

HCl drug layered beads coated at 3% w/w weight gain using the formulation composition and 

processing conditions listed in this paper yielded design space for the spraying temperature from 

39oC-42oC and curing temperature from 59oC-62 oC with curing time deemed as 4 h. Furthermore 

in order to produce reproducible and consistent drug product, fingerprint of the coating process is 

imperative. Hence, based on the outcome of the design space of the CPP (spraying temperature, 

curing temperature and time plus humidity was studied outside the DoE) and the data of the other 

non-CPP (inlet air temperature, microclimate, atomization pressure, air volume, percent solids in 

solution and spray rate) from the small scale and scale-up batches, process signature for the 

spraying process and curing process was established as shown in Fig. 4-18.   The operating 

conditions for the non-CPP; microclimate 0.2  bar, atomization pressure 0.8 bar, inlet air volume 

28-30 m3/h, inlet temperature 47oC-50oC and spray rate from 0.7 g/min to 1.2 g/min. The design 



196 

 

space for the CPP during spraying process is - spraying temperature 39oC-42oC and chamber 

absolute humidity 10-13 g/kg of moist air, while for the curing process is - curing temperature 59 

oC-62oC, curing time of 4 h and chamber absolute humidity 10-12 g/kg of moist air. The design 

space for the absolute humidity data is derived based on results obtained from Pyrobuttons during 

the small scale batches where the humidity was monitored and not controlled, thus can be further 

refined. In this paper the purpose of monitoring humidity was to signify its importance in film 

curing of pseudolatex dispersion system like Aquacoat® ECD. However, the humidity 

information provides a perspective when developing a controlled release multiparticulate beads 

using fluid bed technology.  

 

  
Fig. 4-17: Final Design Space depicting the Experimental Range, Control Space (Extended 
Design Space) and Operating Range (Design Space) of the Coating Process for the Critical 
Process Parameters 
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Fig. 4-18: Left to Right: Process Signature A) Spraying Process B) Curing Process  

 

Conclusions 

 A design space for the critical process parameters was successfully build using statistical 

response surface methodology and Bayesian approach. It can be concluded that the design space 

established using statistical response surface was more conservative than the Bayesian approach. 

In response surface, mean response is utilized to estimate the regression coefficients, whereas in 

Bayesian approach individual value are subjected to random sampling for posterior probability 

estimation of the regression coefficients.  The coating process was optimized with spraying 

temperature, curing temperature and curing time deemed as the critical process parameters and 

2FI model was utilized to map the response surface for drug released in 1 h, 2 h and 7 h.  The 

response surface predictive model was successfully validated and the accelerated stability data 

generated was utilized to optimize the curing time. The robustness of the design space derived 

from response surface methodology was validated across scale using process ranging scale-up 

batches and process signature was designed using univariate approach.  

A B 
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 Overall the quality by design approach proved to be useful in building quality in the final 

drug product by thoroughly understanding the coating process for process optimization and to 

build design space systematically using response surface methodology.  
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CHAPTER  5  Application of Near Infrared Spectroscopy in the 
Development of an In-Process Control Strategy and Real Time Release 
Testing Models for the Manufacture of Ciprofloxacin HCl Controlled 
Release Multiparticulate Beads5 
 

Abstract 

 In order to obtain consistent and reproducible drug release from controlled release 

multiparticulate system, an adequate amount of polymer deposition, characterized by coating 

efficiency, must be ensured followed by appropriate film curing to ensure complete film 

formation. Typically, film curing is done arbitrarily without proper understanding of the film 

mechanism and influence of the processing conditions. The main objectives of this study were to 

utilize NIR technology to develop process efficiency, extent of curing and loss on drying models 

that can be used to monitor the coating process and be used for real time release testing.  The 

models incorporate data from process sensors and an NIR spectrometer to predict dissolution at 

the 1 h and 2 h time points. For these studies, a dye with a strong absorbance in the visible region 

was used as a marker for determining the amount of polymer deposited. The rate of moisture 

evaporation between the residual surface water and core of the polymer film dictates the pseudo 

latex particle deformation and film coalescence; this equilibrium of water evaporation from the 

polymer film under optimum curing conditions with regards to curing temperature, curing time 

and humidity was utilized to determine extent of curing and loss on drying models. The process 

efficiency model developed had 3 latent variables with RMSEC of 0.518 and RMSECV of 0.675, 

while the extent of curing model developed yielded 7 latent variables with RMSEC of 0.230 and 

RMSECV of 0.310. As NIR technique is very sensitive to detect water peaks, the amount of 

moisture from the final cured beads was successfully utilized as a surrogate marker to determine 

the steady state of residual surface moisture evaporation and use this information to develop loss 
                                                           

5 Bhaveshkumar H. Kothari, Ahmed Ashour, Raafat Fahmy, Stephen W. Hoag 
To be Submitted to AAPS Pharm Sci Tech 
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on drying model with 3 latent variables and RMSEC of 0.128 and RMSECV of 0.152. The 

intrinsic process variability associated with the coating process was successfully modeled using 

data fusion method, which provides new insights in predicting dissolution from multiparticulate 

coated beads with an error less than 10%.  
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Introduction 

 To develop multiparticulate controlled release formulations, fluid bed drug layering and 

coating is one of the most commonly used approaches (1; 2).  A key issue for aqueous based 

coating processes is the polymer glass transition temperature, which dictates the curing 

phenomenon, a process vital for complete film formation (3).  For cellulose based polymer 

systems like ethylcellulose that exhibit a high glass transition temperature, the formulation must 

contain a plasticizer to lower the glass transition temperature, which allows coating at lower more 

feasible product temperatures yet still have complete coalesced film (4; 5).  Thus, for aqueous 

based film coating processes, a mechanistic understanding of the film formation and influence of 

the processing conditions is imperative. The widely accepted model of the film formation in 

aqueous based process is based on the polymer particles coming together to form dense network 

due to evaporation of water and the coalescence of particles to form a continuous film when 

exposed to temperatures above or around the polymer’s Tg. This entire process happens in three 

stages 1) evaporation of water and particle ordering - after the coating dispersion is sprayed on 

the bead surface, the water evaporates at the water/vapor interface and as the water evaporates the 

particle starts to order themselves 2) the polymer particles start to deform due to capillary action 

of the residual water molecule present in the particle voids 3) in this stage inter particle diffusion 

leads particle coalescence and the formation of a continuous film; Step 3 is often call film coat 

curing.  These steps have been described in more detail (6; 7). A key aspect of Step 3 is molecular 

mobility, which is only sufficient when the polymers are in the rubbery state, without this 

condition particle inter diffusion will not occur and film formation will be incomplete; thus 

processing conditions are essential to film formation and product quality (7-9).   

  In the recent years, there has been a greater use of process analytical technology (PAT) 

as a tool to explore, optimize and monitor various formulation and process related attributes to 

enhance end product quality (10-13). Thus, adopting PAT methods provides the capability to take 
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timely measurement of the critical attributes including critical material attributes of raw material 

and critical process parameters of a unit operation. PAT measurements can be taken in-line, on-

line, at-line and off-line using various instrumentation techniques like near Infrared spectroscopy 

(NIR), Raman spectroscopy, Infrared Attenuated Total Reflectance (ATR) (14; 15).  To analyze 

this multivariate data chemometric tools like principle component analysis (PCA), partial least 

square method (PLS) and multivariate statistical process control (MSPC) are often used (16).  

These techniques will help monitor the process and built quality in the product and enable 

continuous process improvement.  

 When developing models for process monitoring, the regulatory agencies have 

categorized the risk level of model depending on the impact of the model prediction to final 

product quality (17). The models’ impact can divided into three categories 1) low impact models 

are used during development stage to optimize formulation with regards to product and/or process 

understanding  2) medium impact models are used to establish design space and in-process 

control strategy to assure product quality 3) high impact models are used as a predictive indicator 

of the final quality of drug product, e.g. a model for dissolution.  For these models, it is critical to 

have an adequate dataset to ensure proper calibration and validation.   

 Near Infrared (NIR) Spectroscopy technique is one of the most adapted PAT tools for 

exploring various tasks under the quality by design paradigm. With the recent advancement in the 

NIR instrumentation and algorithms utilized to extract useful information from the raw spectra 

have made this technique available to most pharmaceutical companies. Some of the advantages of 

NIR spectroscopy include rapid non-destructive analysis with minimal sample preparation, and 

due to the unique manner in which light penetrates the samples chemical and physical  

information can be obtained about the whole tablets and bulk materials. There are many examples 

of how NIR can be used in process monitoring (18). Several studies have utilized in-line, on-line 

or off-line NIR technique to elucidate various pharmaceutical operations like granulation, mixing, 

blending, tablet coating, roller compaction and pellet coating (19-23). Use of in-line NIR along 
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with NIR-chemical imaging is another methodology conducted for understanding coating process 

using pan coater (24).  Hansuld et al. studied the relationship between PAT acoustic signal and 

particle size determination (14). The real time use of in-line NIR probe in the pan coater for 

predicting dissolution from an intact tablet was studied where coating operation was stopped as 

soon as the desired dissolution was reached (25) and in another study similar approach was 

utilized with different polymer system except the NIR measurements were performed off-line 

(26; 27).  NIR and Raman have been used as complimentary techniques for real time 

measurement of process parameters and product attributes (15).   

 The framework of this paper was built upon information gathered from previous two 

chapters, where adequate process understanding and design space for the critical process 

parameters was established that can significantly impact the drug release rate due to inadequate 

process efficiency and/or incomplete film formation. Utilizing all these information, we are 

developing models that can be used as part of in-process control strategy and for RTRT.  To the 

best of the Authors’ knowledge, there have not been any studies exploring the use of NIR in the 

manufacture of controlled release multiparticulate beads coated with ethylcellulose that were 

coated using a novel disk-jet fluid bed equipment to study the curing process for prediction of real 

time dissolution. Thus, the main aims of this study were to develop monitoring techniques that 

could be used as part of an in-process control strategy by predicting process efficiency in the 

spraying stage; to ensure adequate amount of polymer was deposited before a batch is further 

subjected to curing process and determining extent of curing and loss on drying in the curing 

stage; to determine end point of the curing process as under curing and over curing discussed 

earlier in this section can result in variable dissolution. In addition, a real time predicting model 

was developed for drug dissolution using the concept of data fusion in which the spectral 

information gathered from the spraying process and curing process along with the various ranges 

of the processing parameters were utilized together to yield high impact model to release drug 

product.  
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Materials and Methods 

Materials 

 Ciprofloxacin HCl drug layered beads made up the active core substrate (particle size 

range 1000-1400 µm); lot #CH/SF/0010112 was obtained from Spansules, Hyderabad, India; 

Ethylcellulose aqueous dispersion, a hydrophobic controlled release polymer (Aquacoat® ECD 

30% dispersion with d50 ~ 450 nm); lot #s JN1182330, JN1100202,JN12825161 and 

JN12824864 were obtained from FMC Biopolymer, Newark, DE; Triethyl citrate was used as a 

hydrophillic plasticizer; lot # 110171 was obtained from Vertellus, Greensboro, NC and color 

D&C Red # 27 lake was used as a coloring agent; lot # AL9922 was obtained from Colorcon, 

West Point, VA.  

Bead Coating 

 The details about the novel disk-jet fluid bed equipment from OYSTER Huttlin – 

Germany (now Bosch) are described in Chapters 3 and 4. However, a summary of the 

equipment settings for batches manufactured using Mycrolab and Unilab are shown in Table 5-1.  

For both the Mycrolab and Unilab, the independent process parameters evaluated for the coating 

process were microclimate, atomization pressure, inlet air temperature and air volume were 

controlled by the equipment setting. The dependent process parameters like product temperature, 

outlet temperature and filter differential were controlled by the independent process parameters. 

To improve the monitoring temperature and humidity changes during the spraying and curing 

process, a process analytical tool from OPULUS called as Pyrobuttons® were utilized. Ten 

Pyrobuttons were programmed to monitor temperature and humidity at 30 seconds time interval 

and placed at different locations in the fluid bed equipment, as shown in Fig. 5-1. After each 
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coating operation, the data from the Pyrobuttons was downloaded and plotted to study humidity 

changes and trends during the spraying and curing operations. 

Table 5-1: Variables of Mycrolab and Unilab Batches 

Variables Mycrolab Unilab 
Batch Size 275 g 2750 g 

Bowl Dimension 1 L 5 L 
No of Spray Guns 1 3 
Nozzle Diameter 0.8 mm 1.2 mm 
Spray Rate (rpm) 3, 5 and 7 rpm 3, 4, and 6 rpm 

Approximate Spray rate (g/min) 0.7, 0.9 and 1.5 7.2, 8.8 and 14.9 
Microclimate 0.2 bar 0.2 bar 

Atomization Pressure 0.8 bar 0.8 bar 
Air Volume 29 m3/h 290 m3/h 

% Solids 15 15 
Position of the Gun Vertical from bottom 45 degrees from bottom 

Pump External Peristaltic Internal Peristaltic 
Tubing Size #8 Vinyl Tubing # 16 Vinyl Tubing 
No of Filters 3 3 
Filter Type Cartridge Filters Cartridge Filters 

 

 

  
Fig. 5-1: Positions of the Pyrobutton in the Mycrolab and Unilab Fluid Bed 
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 The details of the polymer coating dispersion system preparation have been described 

earlier in Chapters 3 and 4. A brief summary of the polymer coating dispersion preparation and 

manufacture of coated beads is outlined here. To prepare coating solution first a weighed amount 

of aqueous ethylcellulose pseudolatex dispersion (Aquacoat® ECD 30% dispersion) was screened 

through 853 µm screen into a beaker containing a weighed amount of water; the amounts are 

given in Table 5-2 and then weighed amount of triethyl citrate was added directly into the coating 

dispersion containing polymer with continuous stirring using a magnetic stir bar. After the 

dispersion was stirred for 30 minutes, weighed amount of color D&C Red # 27 pigment was 

gradually added with continuous stirring and mixed for an additional 30 minutes; the mixture was 

then screened through 152 µm screen. The formulation composition of the Ciprofloxacin HCl 

coated beads for the response surface batches and scale-up batches is as shown in Table 5-2.  

 

  Table 5-2: Formulation Composition of Ciprofloxacin HCl Coated Beads, 257 mg/g 

Ingredients  RSM Batches  Scale-Up Batches 

 Batch Quantity (g) Batch Quantity (g) 

Ciprofloxacin HCl IR beads (26.5%) 275.0 2750.0 

Ethylcellulose – dry weight 
(Aquacoat ECD – 30% dispersion) 22.0 220.0 

Triethyl citrate (25% w/w of the dry 
polymer weight) 1.65 16.5 

D &C Red # 27 lake 0.1 1.0 

Deionized Water 31.4 313.50 

Final batch Size 283.3 2832.5 

% Solids in Solution 15 15 

Total quantity of solution 55.0 550.0 
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 The process flow diagram for the manufacture of coated beads is shown in Fig. 5-2. The 

fluid bed was preheated and then Ciprofloxacin HCl drug layered beads were charged into the 

fluid bed using built-in vacuum system and allowed to equilibrate until the product temperature 

was slightly above the desired spraying temperature. The optimized spray rate was utilized for all 

batch manufacturing and the independent process parameters were adjusted per the design of 

experiments levels derived from previous experiments, see Chapters 3 and 4. The beads were 

dried for 5 minutes after all the coating dispersion was sprayed and then cured. After curing, the 

bed was cooled down to the ambient temperature, discharged and screened through 1.68 mm and 

1.0 mm screens.  

  

 
Fig. 5-2. Process Flow Diagram of the Coating Process 

 

Screening 
Screen Ciprofloxacin HCl Beads, 238mg/g 

Weighing 
Weigh Ciprofloxacin HCl Drug Layered Beads 

Preheat 
Ciprofloxacin HCl Drug Layered Beads 

Curing 
Cure the Aquacoat coated beads in the fluid bed 

Aquacoat Coating 
Coat the Ciprofloxacin HCl drug layered beads with the 

Aquacoat ECD dispersion 
 

Aquacoat ECD Dispersion 
Ethylcellulose Aqueous 

Dispersion 
Triethyl Citrate 
Purified Water 

Drying 
Dry the Aquacoat coated beads in the fluid bed 
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Near Infrared Spectroscopy and Data Analysis 

 The samples were scanned using FOSS NIRSystems XDS analyzer over the range of 

400-2500 nm with a resolution of 0.5 nm. To improve the signal to noise ratio each spectra was 

an average of 32 scans. The spectral data was analyzed using Matlab software (MathWorks, Inc.) 

equipped with PLS toolbox (Eigenvector Research Inc). As the spectral data contains a lot of 

complex information, typically spectra are subjected to mathematical pre-treatment to help 

remove unwanted noise, irrelevant information and enhance the signal of interest. The various 

math pre-treatment tested when developing the model included Savitsky Goley with 1st and 2nd 

derivatives, detrend, smoothing (Savitsky Goley) and orthogonal signal correction (OSC), and the 

normalization methods tried included multiplicative scatter correction (MSC), normalize, and 

standard normal variate (SNV).  

 Various math pre-treatments were applied and best statistical data was chosen to build 

calibration model using Principle component analysis (PCA) or Partial least square method 

(PLS). The PLS method is more commonly utilized to model complex spectral dataset as the 

method allows to use range of wavelength compared to single wavelength thus can eliminate 

problem of co-linearity.  In the PLS method, spectral data and corresponding constituent data are 

modeled simultaneously and then subtracted against the dataset to generate factor or loading and 

residual.  These loadings determine the number of factors for the calibration equation. Some of 

the spectral dataset not utilized in building the calibration model are utilized to perform cross-

validation using techniques like venetian blind method.  The external validation of the predictive 

model is performed using batches manufactured at different time and design or scale-up batches.  

In-Process Models and Real Time Release Testing Models 

 In order to develop a systematic control strategy, methods to monitor the state of a 

process need to be established for every stage of the process so that the end product will meet the 
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requirements for real time release testing; this requires thorough knowledge of your process. 

Based upon previous research (see Chapter 3 and 4), to develop RTRT models we have divided 

the coating process into the spray coating and the latex coalescence or film coat curing stages 

(Fig. 5-3). These stages if uncontrolled will lead to a drug product with variable dissolution.  In 

the spraying stage, amount of polymer deposited is critical as it dictates the coating thickness 

which is directly related to the release rate; the coating thickness will be assessed via the spray 

process efficiency.  Process efficiency can be defined as the ratio of amount of coating polymer 

deposited on the drug layered beads to the theoretical amount of polymer to be deposited and can 

be modeled using NIR spectroscopy. After depositing the correct polymer thickness, the pseudo 

latex particles need to be cured so that a homogenous film has been formed. In the curing stage, 

the quality of film is determined by extent of curing and final water content; both of these 

attributes were modeled using NIR spectroscopy. After all the criteria for spraying and curing 

have been fulfilled, a model for the real time dissolution was developed using data fusion method 

(Ibrahim et. al).  

 

Fig. 5-3: In-Process Control Strategy for the Spraying and Curing Process 
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Process Efficiency Model Development 

 The Ciprofloxacin HCl drug layered beads were coated using ethylcellulose aqueous 

dispersion in the OYSTER Huttlin Mycrolab® fluid bed. The uncured samples were collected at 

the end of the coating run and scanned over the range of 400-2500 nm using NIR. The 

preprocessing and analysis of the raw spectra was conducted using Matlab® software. The PLS 

process efficiency calibration model including internal validation was built using thirty response 

surface coated batches manufactured in Mycrolab and external  validation of the model was 

conducted using scale-up batches manufactured using Unilab. The process efficiency was 

determined using color absorbance peak from an ideal batch at specific wavelength, which was 

then used as a control to calculate process efficiency of other batches based on its absorbance 

value for the color peak at specific wavelength.  The ideal batch used for the comparison was the 

3% w/w batch manufactured during early stages of coating level optimization study (see chapter 

4). In this study batches manufactured using processing conditions within the design space of the 

critical process parameters demonstrated maximum absorbance for the color peak.  The optimal 

preprocessing of the raw spectra X-block was conducted using normalization, smoothing and 

mean center; whereas the percent process efficiency Y-block was preprocessed using mean 

center. The calibration model yielded 3 latent variables with cross validation conducted using 

Venetian blind with five splits.   

Extent of Curing  

 The coating of the active drug layered beads was conducted using OYSTER Huttlin 

Mycrolab® fluid bed. An ethylcellulose aqueous dispersion was used as a controlled release 

polymer and triethyl citrate as a plasticizer [25% (w/w) of the dry polymer weight]. The samples 

were collected at 0 h (uncured), 0.5 h, 1 h, 2 h, 3 h and 4 h of the curing time. The spectra of each 

sample were acquired over the range of 400-2500 nm. The preprocessing and analysis of the raw 

spectra was conducted using Matlab® and PLS Toolbox® software. The extent of curing PLS 
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calibration model was built using uncured and cured samples at different curing time points from 

11 batches and external validation of the model was conducted using the scale-up batches.  The 

preprocessing of the raw spectra X-block was conducted using 2nd derivative, SG smoothing, 

normalize, and mean center, whereas the extent of curing Y-block was preprocessed using 

autoscaling. The calibration model yielded 7 latent variables with cross validation conducted 

using Venetian blind with eight splits.  

Loss on Drying  

 The Ciprofloxacin HCl drug layered beads were coated using the aqueous dispersion of 

ethylcellulose using the OYSTER Huttlin Mycrolab® and Unilab® fluid bed. The uncured, 4h 

cured and response surface design point cured samples were collected and scanned The residual 

moisture in the final coated beads was determined using weight loss on drying.  Measurements 

were done using halogen lamp LOD balance with approximately 1.0 g of the coated bead were 

placed in the aluminum pan and heated for 60 minutes at 105oC and the final moisture value was 

recorded. The PLS calibration model for loss on drying was built using the residual surface 

moisture value from the eighty samples consisting of uncured and cured coated beads from the 

response surface batches.  The external validation of the predictive model was performed using 

scale-up batches manufactured on Unilab.  The preprocessing of the raw spectra X-block was 

conducted using 1st derivative, normalize and mean center, whereas the loss on drying Y-block 

was preprocessed using auto scaling. The calibration model yielded 3 latent variables with cross 

validation conducted using Venetian blind pattern with nine splits.   

Real Time Release Testing Model  

 As per the response surface design, twenty six out of the thirty batches of Ciprofloxacin 

HCl coated beads manufactured using process parameters like air volume, product temperature, 

curing temperature and curing time set at different levels were used in the development of real 
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time release testing model. The humidity during the spraying and curing process was monitored 

using real time data loggers called as Pyrobuttons®. Samples were withdrawn periodically during 

spraying and curing process and spectra were acquired over the range of 400 – 2500 nm with a 

resolution of 0.5 nm. The raw spectral data was processed using Matlab® and PLS Toolbox® 

software. The NIR spectra of the samples from the curing process were decomposed using PCA. 

The scores from PCA were fused with measured data of the process parameters and all variables 

were autoscaled and regressed versus measured dissolution data at 1 h and 2 h time points for the 

26 batches. The external validation of the dissolution model was performed using scale up 

batches. 

Process Signature for the Coating Process using Multivariate Statistical Process 
Control Chart 
 
 There are different ways one can develop process signature for the coating process; first 

way is using univariate analysis i.e. plotting the in-process data of the process parameters 

individually over the entire coating process covering the vast majority of the variability and 

plotting it against time and second method is utilizing the multivariate statistical process control 

chart where in-process data of the process parameters are recorded and compiled together and 

decomposed into smaller dimension using principle component analysis by determining its 

score(s) based upon the variability captured by the PCA model. The obtained scores are then 

plotted against time series to yield signature plot. The main objective of establishing process 

signature using multivariate statistical process control is to determine the multivariate process 

mean of the critical process parameters and detect deviation from the mean during regular coating 

operation. Overall the multivariate data analysis using statistical process control chart is 

conducted to ensure that the coating operation is under control. This method can be utilized in 

conjunction with the in-process control strategy model to track different stages of the coating 

operation and also help understand the reason of failed batches. The MSPC to establish process 
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signature is briefly explained in this paper. As the amount of data generated from the response 

surface study is limited, only the optimal conditions batches which met the dissolution 

specifications for the 1h and 2h time points and critical process parameters (product temperature 

– 41oC and curing temperature – 60oC and chamber absolute humidity – 10 g/kg of dry air) data 

laid per the design space are used to determine the process signature and the boundaries are 

hypothetical based on the design space limits of the CPP.  The process variables used in the 

multivariate analysis are thermodynamic parameters including inlet air temperature, product 

temperature, outlet air temperature, inlet air humidity, chamber humidity and outlet air humidity. 

  
Results and Discussion 

In-Process Control and Real Time Release Testing Models 

 In this paper a non-conventional approach has been adapted to establish coating process 

monitoring models that can be utilized for real time prediction of the 1 and 2 h dissolution time 

points. The coating operation is divided into the spraying and curing phases, in which an in-

process control strategy was developed for each phase i.e. process efficiency for the spraying 

phase and extent of curing and loss on drying of the curing phase.  Ultimately a real time release 

model was developed for dissolution; this model’s validity depends upon having all the pre-

requisite criteria for the in-process control strategies being fulfilled for the spraying and curing 

phases.  

 To develop models for an in-process control strategy, the first step was to do a feasibility 

study to see if there is enough spectral variation in the individual components so that a model 

could be built; thus, NIR spectra of individual components were collected. As seen in Fig. 5-4 the 

D &C Red # 27 pigment has a strong absorbance in the visible range as a neat component and 

also when mixed with ethylcellulose and TEC, which is also in the coating formulation.  As color 

is intimately mixed with the polymer dispersion system, the absorbance of the color peak can be 
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used to model the amount of polymer deposited on the drug layered beads; thus, the red 

absorbance will be critical for the process efficiency model.  

 The in-process control strategies for the curing phase involved models for the extent of 

curing and the loss on drying. The extent of curing was established based on the changes in the 

water band and the changes in the –OH group of the polymer system as a function of curing 

temperature, time and humidity. To model the extent of curing, an adequate amount of polymer 

deposition was ensured, i.e. adequate process efficiency is mandatory or the final film will be too 

thin. The loss on drying was modeled using the amount of residual surface moisture from the 

uncured and cured beads at different curing time, thus when the film is fully cured will reach a 

steady state where there is no further change in moisture. This model works in conjunction with 

the extent of curing model to serve as a surrogate marker for extent of curing end point.  To 

develop the real time release testing model for dissolution to predict specific time points, spectral 

information from process efficiency, extent of curing, loss on drying and processing conditions 

were fused together to yield better predictions than any one data type.   

 
Fig. 5-4: Raw NIR Spectra of the Individual Components 
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Process Efficiency  

 Near infrared spectra were obtained from the thirty response surface batches uncured 

coated beads after the coating operation. Various preprocessing methods were evaluated to 

determine optimum method that will yield the best RMSEC and RMSECV values; in addition, 

the number of latent variables must be determined to ensure there was no over fitting or under 

fitting of the model. Based on the assessment of the different preprocessing methods, it was found 

that normalizing the data followed by smoothing and mean centering yielded the best model with 

3 latent variables and RMSEC of 0.518 and RMSECV of 0.675. The most pronounced spectral 

change was in the visible region at 557 nm, which could be attributed to the dye, see Fig. 5-5A 

and Fig. 5-5B . Additionally, some spectral change was also found around the 1970 nm band, 

which represents the overtone region, probably due to the O-H stretching from water. A higher 

absorbance of the color peak, shows a greater the process efficiency, whereas lower the 

absorbance value of the color peak, indicates a lower the process efficiency; this information 

could be used to trigger an alert to tell the feedback control system to deposit more polymer.  

 To better understand the relationship between the samples, PCA was performed as shown 

in Fig. 5-5C. The PC1 accounted for 49.54% and PC2 captured 40.44% percent of the spectral 

variation. No outliers were found in the score plot built using the preprocessing conditions and 

the Hoteling T2 value and Q residuals values were found to 92.03% and 7.97%, respectively. A 

strong correlation was established between PC1 and process efficiency meaning greater 

deposition of polymer on the drug layered beads going from left to right on the PCA score plot, 

Fig. 5C. Even though the difference in process efficiency between the response surface batches is 

subtle, this could be attributed to process variables like product temperature and air volume 

utilized during the polymer spraying process. The PC2 was correlated with increasing process 

efficiency going from bottom to top delineating relationship between samples based on the 

presence of residual water on the surface. Higher the process efficiency means adequate of 

polymer got deposited, which is directly related to amount of polymer solution sprayed on the 
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drug layered beads. Thus in addition to the polymer some amount of moisture reside within the 

core of the polymer matrix and on the surface.  The prominent factor playing role in the surface 

moisture is the spraying temperature. In addition, the inlet air humidity around the coating zone 

during spraying cycle also impacts the kinetics of moisture evaporation. This indirectly reflects 

the importance of humidity during the spraying process.  

 Batches sprayed at high product temperature and low inlet air humidity had less surface 

moisture compared to batches sprayed at high spraying temperature and high inlet air humidity.  

These finding were further confirmed from the loading plots for the selected latent variables from 

the PLS analysis explained below (Fig. 5-5E and Fig. 5-5F). The PCA classification gave a 

perspective on the optimum spraying conditions with regards to process variables and classified 

batches based on spectral variations for the color intensity peak and demonstrated relationship to 

the process efficiency. As stated earlier, the coated uncured bead samples utilized for developing 

the process efficiency model are from the response surface batches, see Chapter 4 for more 

details on the response surface design.   

 Using the same preprocessing conditions utilized for the PCA analysis and the entire 

spectral region from 400 nm to 2500 nm, a PLS calibration model was built Fig. 5-5D; the model 

had three latent variables with prediction vs measured correlation coefficient value of (R2) 0.985. 

The model was cross validated using venetian blind technique in PLS Toolbox to determine the 

optimum number of latent variables that would account for most of the variability captured by the 

model. The cross validation model yielded value of (R2) 0.975. In order to challenge the model 

external validation was performed using two different sample sets, first using resolution IV 

design coated beads (refer to Chapter 3 for details on resolution IV design batches) uncured 

samples where spray drying was most encountered due to processing conditions utilized in the 

design, and second using scale-up batches coated beads uncured samples manufactured at 10X 

scale higher than the calibration model samples. In the first sample set, due to spray drying, the 

amount of polymer deposited on the drug layered beads was significantly lower and thus these 
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samples demonstrate lower absorbance value due to less amount of color deposited on the drug 

layered beads.  In the scale-up batches (see Chapter 4 for details on scale-up batches), the 

processing conditions for the critical process parameters were kept the same as that utilized for 

the calibration sample set. However some scale-dependent effects are seen in the prediction 

results for the scale-up batches.  As seen in Fig. 5-6A and Fig. 5-6B, the model was robust 

enough to detect significant changes with regards to process efficiency from the resolution IV 

batches and scale up batches yielding value (R2) of 0.990 and 0.882 and RMSEP of 2.725 and 

2.843, respectively.  Thus, based on the external validation performed using the resolution IV 

design and scale-up batches coated beads uncured samples for the process efficiency model, it 

can be concluded that the prediction ability of the model is adequate as the resolution IV batches 

showed lower process efficiency due to spray drying of the polymer and scale-up batches showed 

adequate process efficiency from in-process control strategy perspective, which can provide 

timely and important information on the feedback or feedforward control with regards to the 

amount of polymer deposited on the drug layered beads and thereby decide on the extent of film 

curing required for the subsequent steps to yield consistent dissolution results or to predict 

dissolution results for certain time points.  
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Fig. 5-6: Prediction Model – A) Resolution IV Batches B) Scale-up Batches 

 

Extent of Curing 

 
 To develop an extent of curing model, a prerequisite is to define the curing end point so 

that in-process controls can be set to determine if the samples are at the end point and to predict 

the extent they are under cured. The dissolution data and dissolution stability studies data were 

used to determine the curing end point; samples from the response surface batches manufactured 

previously (see Chapter 4) were scanned using NIR and the dissolution rate was measured. A 

detail discussion of the dissolution results can be found in Chapter 4. It was found that batches 

cured at 57oC regardless of curing time up to 4 hour demonstrated faster drug release, which was 

consistent with a partially formed film; whereas batches cured at 63oC showed increased curing 

with time, but within 4 h a fully cured film was formed. The dissolution results of the response 

surface batches cured at 60oC for 1 h demonstrated faster dissolution; however, the beads cured 

for 3 h and 5 h both yielded dissolution results that indicated the film was fully formed.  These 

results further confirm that 4 h curing as the curing end point for 60oC and 63oC.  In addition, 

samples were stored under ICH accelerated conditions of 40oC/75%RH and the dissolution results 

of the stability samples showed that 2 h cured samples had variable dissolution rates at 1 month 

A B 
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and 3 month stability time points (f2 < 50), whereas the 4 h cured samples demonstrated 

consistent dissolution results at 15 day, 1 month and 3 month stability time points all meeting the 

f2 > 50 criteria.  Based on these results, the 4 h of curing time at 60oC and 63oC was shown to be 

the full cured state for modeling the extent of curing.  It should be noted that the amount of 

polymer deposited is a factor that affects the time required for complete film formation and in 

these studies the polymer weight gain was only 3%.  The rate at which water leaves the film 

depends upon the distance the water must travel to diffuse out of the film; thus, the curing models 

require a range of process efficiencies that are within the range of parameters studied to be valid.   

 To develop the extent of curing model, 66 samples from response surface batches cured 

at 60oC, which is the design space target curing temperature, were utilized. The samples were 

collected during the curing process at 0, 0.5, 1, 2, 3 and 4 h after the spraying process was 

completed. To build the models only the batches that met the dissolution specifications, i.e., were 

within the design space were used to develop the calibration model. The best model use 2nd 

derivative (order: 2, window: 15 pt,), smoothing (order: 0, window: 15 pt), normalize and mean 

centering, and had 7 latent variables a RMSEC of 0.230 and a RMSECV of 0.310. The most 

pronounced spectral changes were found in the combination and overtone region of the water 

band and the –OH region of the polymer system from 1950 - 2020 region (-OH group of the 

ethylcellulose around 1950 nm and the water band around 2010 nm).  

 Thus the extent of curing primarily depends on critical factors like temperature, time and 

humidity and can be modeled using the changes happening in the water band and interaction of 

the hydroxyl group of the polymer system region contingent to ensuring enough polymer is 

deposited on the drug layered beads to witness the curing effect.  This entire phenomenon of 

water evaporation using appropriate curing temperature under certain humidity conditions is 

captured using the extent of curing model. The selected water band and polymer band 

wavelengths along with preprocessed region using 2nd derivative for the uncured to cured samples 
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are shown in Fig. 5-7A and Fig. 5-7B.  To capture the variability and determine relationship 

associated between different cured samples, PCA was performed as shown in Fig. 5-7C. No 

outliers in the sample set were found with Hoteling T2 value of 97.04% and Q residual value of 

2.96%. The PCA demonstrates process trajectory for the curing process where the samples are 

grouped together based on its characteristics with regards to residual moisture evaporated from 

the surface. It can be seen that all uncured samples classified as Phase I are clustered together, 

initial curing samples i.e. 0.5h, 1h and 2h  classified as Phase II are clumped together and finally 

3h and 4h cured samples classified as Phase III are grouped together. The Phase I uncured 

samples demonstrates the highest moisture level, whereas the phase II and phase III cured 

samples showed intermediate and lowest moisture level respectively. It can be seen that as the 

film formation reaches to a steady state with regards to evaporation of moisture from the surface, 

no further significant spectral changes are observed for the water band and the –OH group of the 

ethylcellulose band.  The PC1 accounted for 54.96% and PC2 captured 24.95% of the spectral 

variation. Based on the loading data (Fig. 5-7E and Fig. 5-7F) for each principle component, a 

very obvious demarcation was established amongst samples for PC1 related to decrease in the 

surface moisture level attributed to process variables like curing temperature and curing time. The 

scores of the PC2 can be correlated to variable process efficiency (in turn related to product 

temperature during spraying process) and humidity changes associated during the entire coating 

process, which in turn is associated with interaction of the hydroxyl group of ethylcellulose. As 

the surface moisture gets evaporated, the core residual moisture from the polymer voids migrate 

to the surface and further impact the film formation process. The loading plot can be associated to 

predominantly moisture band for the PC1 and process efficiency along with ethylcellulose –OH 

group interaction with moisture for the PC2.  The hydroxyl group of the ethylcellulose interacts 

with water molecules thereby retain residual moisture within the matrix core and yield incomplete 

film formation leading to faster drug release. At lower curing temperature, the residual moisture 
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resides in the voids of the polymer, whereas adequate curing temperature allows the residual 

moisture to move to the surface and cause particle deformation and interdiffusion of the polymer 

particles.  

 Thus looking at the overall curing process, dominating factor having most impact was 

found to associate with thermal treatment provided for a period of time under adequate humidity 

condition.  A PLS calibration model was built using the same preprocessing conditions mentioned 

earlier using the entire spectral region from 400 nm to 2500 nm. The model with seven latent 

variables yielded calibration model with determination coefficient value of (R2) 0.974 (Fig. 5-

7D). The model was further cross validated using venetian blind technique to determine the 

optimum number of latent variables that would account for all the variability captured by the 

model. The cross validation model yielded determination coefficient value of (R2) 0.953.  The 

curing end point calibration model was based on the spectral changes for the water band and 

correlated to curing time, in-vitro dissolution data from the response surface batches cured at 

different curing temperature and curing time and finally stability batch results for different curing 

time i.e. 2 h vs. 4 h.  The PCA model as stated earlier can be used as a tool to assess process 

trajectory for curing process and determine extent of curing and isolate failed batches as shown in 

Fig. 5-7G. The other important factor that plays a vital role is the humidity during curing process 

as stated earlier and is clearly demonstrated in the PCA analysis for the failed batches from the 

response surface design cured at different temperature and time in presence of variable humidity 

conditions. The presence of high humidity and low curing temperature will retard the moisture 

evaporation hence the particle deformation is compromised yielding incomplete film formation. 

On the contrary, in the presence of low humidity and high curing temperature the moisture 

evaporation is faster as the air has more propensity to carry moisture thus resulting into formation 

of dense film and achieving curing end point much faster than cured at lower temperature. The 

PCA data with round circles are failed batches cured at temperature other than the target 
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temperature and showed faster dissolution at 57oC curing even after curing for 3-4h and slower 

dissolution when cured at 63oC for 4h. This indicates that at lower temperature even after 3 to 4 

hours of curing, the curing end point is not reached, whereas at higher temperature the curing end 

point is achieved much faster and further curing lead to formation of dense film hence slowing 

the drug dissolution. The target batches cured at 60oC for 4 hour of curing time in presence of 

adequate humidity (approximately 9 – 12 g/kg of air) shows a balance between the three vital 

parameters for the curing process i.e. curing temperature, curing time and humidity.  

 In order to further determine if the batch failure can be detected and the extent of curing 

can be predicted adequately by the model, different cured samples from three scale-up batch 

manufactured using Unilab were evaluated. Batches were cured at 57oC, 60oc and 63oC for 

different curing time (Fig. 5-4H).  Based on the outcome of the model, the prediction 

determination coefficient value was found to be 0.949 with RMSEP of 0.698. It was found clearly 

from the extent of curing model the impact of curing temperature and curing time to reach certain 

degree of curing. The batch cured at low temperature at 57oC did not reach the curing end point 

even after 4h of curing, whereas the batch cured at high temperature of 63oC reached curing end 

point earlier than 4h and the target temperature was within the curing limit set for the end point. 

The results suggests that when using low temperature, the film formation is incomplete as the 

polymer particle are not completely deformed and voids not fully occupied due to certain change 

in free volume as even the low temperature utilized is higher than the glass transition temperature 

of the polymer system and thus the time required from complete film formation will be much 

higher than 4 h, whereas when more thermal energy is provided, the polymer molecular mobility 

is increased thus water evaporation rate is fast and the particles deformation occurs and they start 

to fuse together to form continuous film due to complete film coalescence.   

 Thus, based on the external validation of the extent of curing model, it can be assumed 

that the model can act as a tool to determine the degree of curing achieved and thereby act as an 



232 

 

in-process control for providing feedback or feedforward control with regards to curing 

temperature required for a curing period of time. After the film is adequately cured, the residual 

moisture in the coated beads reaches a steady state and this can be determined by using loss on 

drying technique. This technique can be used as in-process control strategy serving as a surrogate 

marker for curing end point and is discussed in the next section.  
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Fig. 5-7: A) Raw Spectra including Preprocessed Spectra B) Preprocessed 2nd Derivative showing 
different cured samples C)PCA Score Plot D) Calibration Model E and F) Loading Plots G) PCA Score 
Plot with Failed Batches H) Prediction Model 
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Fig. 5-7 Continued: A) Raw Spectra including Preprocessed Spectra B) Preprocessed 2nd Derivative 
showing different cured samples C)PCA Score Plot D) Calibration Model E and F) Loading Plots G) PCA 
Score Plot with Failed Batches H) Prediction Model 
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Loss on Drying  

 The Loss on drying model can be used in-process control strategy as a surrogate marker 

to determine curing end point quantitatively. After the coated beads are cured for a period of time, 

once it reaches a steady state with regards to loss of residual water from the surface of the beads 

can be utilized to conjunction with the extent of curing model to determine the quality of film 

formation.  Eighty near infrared spectra were obtained from the uncoated beads, design point 

cured beads and 4h cured beads after the coating operation. The design point cured beads is the 

sample of the cured beads per the curing time specified in the central composite response surface 

design i.e. 1h, 2h or 3h. To determine the optimum preprocessing conditions, various 

preprocessing on raw spectra was performed and based on the RMSEC, RMSECV and number of 

latent variables, appropriate preprocessing condition was adopted (Table 5-5). It was found that 

preprocessing conditions utilizing 1st derivative, normalize and mean center yielded 3 latent 

variables and RMSEC of 0.128 and RMSECV of 0.152.  

 Other attributes taken into consideration were physical properties of the sample like 

particle size and its distribution, surface morphology etc. As the NIR technique is very sensitive 

to changes in the water region, the spectral change found to be most pronounced in the 1970 nm 

region which represents the overtone region of the water observed due to the O-H stretching from 

the water molecules was selected to model for loss on drying. The selected water region with 

preprocessing is shown in Fig. 5-8A to Fig. 5-8C where the water band varies, which is related to 

the curing conditions. As the residual surface moisture gets evaporated, the absorbance of the 

water peak decreases. To understand the relationship how the processing parameters affect the 

residual surface water from the coated beads during curing, the three latent variables PCA score 

plot is as shown in Fig. 5-8D. The PC1 accounted for 66.29%, PC2 captured 1.83% and PC3 

addressed 16.92% of the spectral variation. Some outliers found in the score plot were excluded 

from the analysis and the Hoteling T2 value and Q residuals values were found to 85.04% and 
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14.96% respectively. The outliers could be attributed to sampling error, NIR instrument error 

during measurement or loss on drying result error. A strong discrimination was established 

amongst samples on PC1 related to increase in residual moisture with regards to state of curing 

i.e. uncured to cured state. This phenomenon can be attributed to processing conditions like 

curing temperature and curing time. The PC2 did not demonstrate any significant correlation 

amongst samples; however the PC3 did show similar co-relationship as that shown with PC1.  

 The prominent factors affecting the amount of moisture on the surface of the coated 

beads are the critical process parameters like product temperatures during the spraying and curing 

process, curing time and humidity of the inlet air. The product temperature during spraying 

process dictates the amount of water retained in the core of the polymer matrix whereas the 

product temperature during the curing process dictates the rate at which the surface moisture 

evaporates and how the core moisture migrates to the surface repeated in continuous cycle. The 

humidity of the inlet air acts in parallel both during the spraying and the curing stage and impact 

the moisture evaporation kinetics. These finding were attributed from the loading plots for the 

selected latent variables from the PLS analysis explained below (Fig. 5-8F). The PCA provided a 

pathway for the loss of moisture from the surface of the beads as a function of curing based on 

the spectral variations for the water band.  Using the same preprocessing conditions and entire 

spectral region from 400 nm to 2500 nm, the calibration model was built using Partial least 

square method (PLS).  A model was selected using three latent variables with determination 

coefficient value of (R2) 0.864 (Fig. 5-8E). The model was further cross validated using venetian 

blind technique to determine the optimum number of latent variables that would account for all 

the variability captured by the model. The cross validation model yielded determination 

coefficient value of (R2) 0.809. In order to perform external validation of the loss on drying 

model, samples cured for 4h at 60oC from the scale-up batches were utilized.  
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 In the scale-up batches, some scale-dependent effects are seen in the prediction results as 

seen in Fig. 5-8G. Based on the external validation of the loss on drying model, it can be 

concluded that the prediction ability of the model can be reasonably utilized as part of in-process 

control strategy and surrogate marker for curing end point.  
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Fig. 5-8. A and B) Raw Spectra C) Preprocessed Spectra – 1st derivative D) PCA three LV Score 
Plot E) Calibration Model F) Loading Plot G) Prediction Model 
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Fig. 5-8 Continued. A and B) Raw Spectra C) Preprocessed Spectra – 1st derivative D) PCA 
three LV Score Plot E) Calibration Model F) Loading Plot G) Prediction Model 

 

Real Time Release Testing Model - Dissolution at 1 h and 2 h time points 

 In order to develop real time release testing (RTRT) model, it is imperative that in-

process control strategy should be established that will yield quality drug product. In this paper, 

we have already discussed in the earlier sections the three in-process models and their 

significance with regards to the quality of the film formation and to yield reproducible and 

consistent rug release for dissolution time points per the specifications to be used for real time 
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release testing. The conventional method to determine drug release from a solid dosage form 

especially coated tablets and multiparticulate coated beads is to perform in-vitro dissolution using 

USP dissolution apparatus, which often is  laborious and destructive technique not categorized as 

real time release testing of the final drug product. There is plethora of knowledge published on 

developing non-destructive technique to predict dissolution from coated tablets using the spectral 

changes of the polymer system, using surrogate markers like change in tablet hardness, coating 

thickness, weight gain of the coated beads. However not much literature has been published with 

regards to predicting dissolution from multiparticulate coated beads. As the coating of 

multiparticulate is a very complex process, several processing parameters like microclimate, 

atomization pressure, air volume for adequate fluidization of the bed, product temperatures during 

spraying and curing stages, curing time, humidity etc. can have significant impact on the quality 

of film formation either individually or in combination. The near infra-red even though is a 

powerful technique to detect spectral changes for raw materials assigned as a fingerprint for its 

chemical or physical properties, process changes are however difficult to isolate due to coating 

process  involving several processing variables. Thus to have a better understanding of the overall 

variability associated with multiparticulate coating process that will assist to build real time 

release testing model for drug release, raw material spectral changes and processing parameters 

variability were studied together. In this paper, a novel approach called as data fusion has been 

utilized which uses the NIR spectral information in conjunction with the processing parameters 

used for each batch to predict dissolution time points. The details of the data fusion methodology 

development can be found in paper by Ibrahim et al.  Twenty six batches manufactured per the 

design points of the response surface design were utilized in developing model for dissolution 1h 

and 2h time points. The cured samples per the central composite design point were scanned using 

near infrared and spectra were obtained. All the cured coated samples spectra were preprocessed 

using mean center approach and decomposed using principle component analysis. The PCA 
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yielded four PCs that were found to be significant and capturing 96.75% of the spectral 

variability. But in order to thoroughly understand the underlying relationship between the spectral 

changes and processing variability, it was decided to retain all the nine PCs capturing 99.9% of 

the spectral variability. The non-significant PCs were further investigated to determine its 

inclusion upon performing partial least square (PLS) regression analysis along with the five 

process variables i.e. air volume, product temperature during spraying, curing temperature, curing 

time and chamber humidity. Even though total of fourteen variables were selected to build PLS 

model, upon further screening using internal PLS for variable selection, only ten variables were 

chosen to build the final calibration model. Thus the X-block consisted of ten variables including 

scores and processing parameters, whereas the Y-block consisted of corresponding sample 

dissolution results for the 1h and 2h time points. The PCA analysis score plot yielded three latent 

variables with the PC1, PC2 and PC3 for the X-block were found to be 17.18%, 13.90% and 

9.69% respectively (Fig. 5-9A). Some outliers were detected in the score plot but were retained in 

the model as it did not have any significant impact on the prediction model.  Due to the outlier’s 

inclusion in the model, the Hoteling T2 value and Q residuals values were found to be 40.77% 

and 59.23% respectively. With the three latent variables chosen, 40.77% of the X-block captured 

98.07% of the variance from the Y-block captured by the regression model.  Based on the scores 

of the LVs and the loadings data, it was found that out of the ten variables only six were found 

required for prediction model. The six variables included score values of the cured coated beads 

(T3, T5, T8, and T9), product temperature, curing temperature and humidity. The loading of the 

score values were associated with changes in residual surface moisture and the –OH group of the 

ethylcellulose band as a function of other temperature, time and humidity. The PCA data agrees 

well to the in-vitro dissolution results explained in Chapter 4.  Different curing conditions with 

regards to curing temperature, curing time and humidity will have significant impact on the drug 

release in meeting the dissolution specification at 1 h and 2 h time points. The different curing 
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conditions can lead to formation of partially cured film also termed as under cured or dense film 

also termed as over cured film. In both instance the drug release will be affected showing faster 

release in the former case and slower release in the latter case. The PLS model was built utilizing 

preprocessing of the X-block using autoscaling and the Y-block utilized mean-center yielded 3 

latent variables with RMSEC of 2.272 and 1.871 and determination coefficient (R2 calibration) of 

0.9758 and 0.9850 for the 1h and 2h dissolution time points respectively (Fig. 5-9B and Fig. 5-

9C).  The cross validation of the model was performed using Venetian blind technique with five 

splits and yielding RMSECV of 3.100 and 2.633 and determination coefficient (R2 cross 

validation) of 0.9555 and 0.9711 for the 1 h and 2 h dissolution time points respectively.   

 Based on the external validation of the dissolution model for the 1 h and 2 h time points, 

it can be concluded that the prediction ability of the PLS model using the data fusion approach 

can be reasonably utilized for real time release testing of the controlled release multiparticulate 

drug delivery system.  
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Fig. 5-9: A) PCA Score Plot, Calibration Model B) 1h Dissolution Time Point C) 2h Dissolution 
Time Point, Prediction Model D) 1h Dissolution Time Points E) 2h Dissolution Time Points 

 

Process Signature for the Coating Process using Multivariate Statistical Process 
Control (MSPC) 
 
 The entire coating operation is broken down into several different stages as shown in 

process signature of the coating process developed using the MSPC approach (Fig.5-10). In this 

model, coating process parameters used are inlet air temperature, product temperature, outlet air 
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temperature, inlet air humidity, chamber humidity and outlet air humidity. These thermodynamic 

univariate parameters are condensed into latent variables in the form of scores of specific 

variables that will reflect the process variability. The first two stages of the coating operation 

consisting of preheat and vacuum loading are essentially ensuring that before the actual spraying 

of the coating polymer begins, the equipment is equilibrated to certain temperature and humidity 

conditions and the beads are fluidizing adequately. The important stage of the coating operation; 

spraying of the polymer determines the basis of the quality of film formation based upon the 

thermodynamic changes encountered by the drug layered beads with regards to exchange of mass 

and heat transfer around the coating zone. After the coating polymer is deposited, the beads are 

dried and as seen in the MSPC chart, there is abrupt change in the score values of the process 

variables suggesting significant change in the thermodynamic conditions in the equipment before 

the start of the last stage of the coating operation i.e. curing, which dictate the release of the drug 

from the coated beads based on the extent of curing and also contingent to adequate processing 

conditions were provided during the spraying process. This model can be utilized for better 

process understanding, to determine root cause of the failed batches, to evaluate trend analysis 

and is established as proof of concept based on the limited amount of data available capturing 

some process variability within the design space for the critical process parameters. In order to 

fully validate this model, significant amount of data will be required from scale-up and pilot scale 

batches to capture more scale dependent variability.  
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Fig. 5-10: Process Signature for the Coating Process Using MSPC 

Conclusions 

 NIR spectroscopy technique was successfully utilized to develop in-process control 

strategy model i.e. process efficiency, extent of curing and loss on drying. The spectral changes 

from the uncured and cured beads samples could be used to predict the process efficiency, extent 

of curing and loss on drying model. Taking advantage of color demonstrating strong intensity in 

the visible range, the use of NIR spectroscopy technique was successfully utilized to develop 

process efficiency model in which color was used as a surrogate marker to determine the amount 

of polymer deposited on the drug layered beads. As the water band and polymer band peaks 

showed distinct spectral changes as a function of curing temperature and time, the extent of 

curing model was successfully established to understand samples state of curing and quality of 

film formation based on achieving curing end point. The O-H stretching of the water band was 

successfully modeled by near infrared spectroscopy to develop loss on drying model, which can 

be used to determine the amount of residual water remaining in the substrate core after curing and 
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serve as a surrogate marker for curing end point.  The in-process models were considered as 

adequate controls to develop real time release testing model that was built on a novel approach of 

data fusion. The data fusion considerably improved the prediction ability of the dissolution model 

for specific 1h and 2h time points.  The proof of concept MSPC approach utilized to develop 

process signature seems to be a reasonable starting point to look at the process trend during the 

coating operation. This paper demonstrated using a non-conventional approach of predicting 

dissolution at 1 h and 2 h time points as part of real time release testing utilizing the concept of 

in-process control strategy per the quality by design principles. 
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